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Abstract
Protein-bound 3,4-dihydroxyphenylalanine (PB-DOPA), a long-lived, redox-active product of
protein oxidation, is capable of functioning as both a pro- and anti-oxidant. A number of
in vitro and in vivo studies have demonstrated a toxic, non-toxic or even beneficial effect of
free DOPA, however little investigation has examined the physiological activity of PB-DOPA.
Furthermore, as free DOPA is currently the major treatment available for Parkinson’s disease,
most studies have focused on the effect of DOPA within neurological cells or tissues,
although the presence of PB-DOPA in other locations, for example within atherosclerotic
plaques, suggests that broader research is needed to fully understand the physiological effects
of both free and PB-DOPA.

The hypothesis presented in this thesis is that under physiological conditions, when little
redox active transition metal is available, PB-DOPA can function as a redox signalling
molecule, triggering an enhancement of cellular antioxidant defences, with a potentially
specific role in the regulation of defences targeted against protein oxidation. Physiological
levels of PB-DOPA are very low, however the level on individual proteins can change to a
proportionally large degree during oxidative stress, an appropriate property for a signalling
molecule. In addition, remarkably elevated levels occur in some pathologies, including
atherosclerosis. As an initial and commonly formed product of protein oxidation, PB-DOPA
is well placed for a signalling role, promoting a significant up-regulation of antioxidant
defences in the early stages of oxidative stress, before extensive damage has occurred. As an
initiator of antioxidant defences, PB-DOPA would be potentially useful as a therapeutic for
the treatment of diseases involving oxidative stress or the accumulation of oxidative damage.
The main objective of this thesis was, therefore, to examine the effect of PB-DOPA on the
cellular antioxidant defence system using monocytic and macrophage-like cells, key cells
involved in the formation of atherosclerotic plaques. The incorporation of free DOPA into
protein during protein synthesis, a process previously shown to occur both in vitro and in vivo,
was used to generate PB-DOPA. Neither free nor PB-DOPA were found to be toxic to
monocytic or macrophage-like cells in culture, but rather were both capable of protecting
these cells from oxidative stress. Free DOPA was shown to be capable of directly scavenging
radicals, a process that was thought to be in part responsible for the protection induced during
oxidative stress. The presence of free and PB-DOPA up-regulated the activity of catalase and

xiii

NAD(P)H:quinone oxidoreductase, two enzymatic antioxidants, however the activity of
superoxide dismutase and the concentration of oxidised and reduced glutathione were not
affected. Whilst it was thought that PB-DOPA would have a specific effect on the activity of
antioxidant defences targeted against protein oxidation, proteolysis and bulk chaperone
activity were not affected by a combination of free and PB-DOPA. Oxidatively-induced
protein aggregation, however, was inhibited by the presence of free and PB-DOPA,
suggesting that a more specific chaperone regulation may be taking place.

The regulation of gene and protein expression was thought to be one possible mechanism by
which PB-DOPA could function as a signalling molecule. To test this hypothesis, the effect of
free and PB-DOPA on transcription factor activation and protein expression were investigated.
Free and PB-DOPA did not induce the expression or activation of Nrf2, AP-1 or NFκB, three
transcription factors thought to be involved in the expressional regulation of genes involved in
the antioxidant defence system. However, the expression of a number of proteins, including
antioxidants, chaperones and proteins involved in cell cycle progression, were regulated in
monocytic and macrophage-like cells following the administration of free DOPA under
conditions that resulted in either a high or low level of PB-DOPA generation. The regulated
proteins differed between the two conditions, suggesting that the level of PB-DOPA may be a
key factor in determining the specific defences targeted.

The results presented in this thesis support the hypothesis that PB-DOPA can function as a
signalling molecule, triggering an enhancement of cellular antioxidant defences, with a
specific role in the regulation of the chaperone system, a key defence targeted against protein
oxidation. This thesis may provide the basis for the potential use of free or PB-DOPA as a
therapeutic for diseases known to involve oxidative stress or oxidative damage, however more
research will be required to determine if the effects demonstrated in this thesis are also
capable of occurring in vivo.

xiv
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Chapter 1: Literature Review

1.1. INTRODUCTION
Protein oxidation, and the subsequent accumulation of oxidative damage that can sometimes
ensue, has been implicated in the process of aging and in a number of diseases including
atherosclerosis, cataractogenesis and some cancers. It remains unclear, however, if oxidative
damage is a cause or consequence of these diseases, although the latter appears more likely as
no evidence suggesting it to be a direct cause has yet been found (Dean et al., 1997).
Increasing knowledge of the detrimental effects of protein oxidation, and oxidative stress as a
whole, has highlighted the need for a greater understanding of the mechanisms involved in
activating the cellular antioxidant defence system, a system that enables cells, tissues and
organisms to restrict or neutralise oxidative stress and repair or eliminate oxidative damage
(Davies, 2000). One important focus of this research is the development of therapeutic
products that could be used for the treatment of diseases involving oxidative stress or
oxidative damage. To achieve this objective, much research is now directed at identifying
pathways and specific molecules that may be involved in redox signalling, a complex process
that helps to regulate redox homeostasis within a biological system (Martindale and Holbrook,
2002).

The hypothesis presented in this thesis is that protein-bound 3,4-dihydroxyphenylalanine
(PB-DOPA), being an initial and commonly formed product of protein oxidation, can function
as a redox signalling molecule, triggering an activation of cellular defences against oxidative
stress, with a potentially specific effect on those defences targeted against protein oxidation
(published also in Nelson et al., 2007). The main objective of this project, therefore, was to
test this hypothesis by examining the effects of PB-DOPA on various components of the
cellular antioxidant defence system. This review will focus on the effects of the generation of
intracellular PB-DOPA in mammals, particularly as a result of reactions occurring between
proteins and reactive species. The current evidence supporting a potential role for PB-DOPA
as a signalling molecule, which may act to trigger an enhancement of antioxidant defences,
will be discussed. Some possible mechanisms by which PB-DOPA might function as a
signalling molecule will be suggested and the therapeutic implications explored.

1.2. OXIDATIVE STRESS AND DAMAGE IN BIOLOGICAL SYSTEMS
Biological systems are continuously exposed to reactive molecules, including free radicals
and other radical-derived reactive oxygen (ROS) and nitrogen (RNS) species, such as the
2
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superoxide anion (O2-•), hydroxyl radical (OH•), hydrogen peroxide (H2O2), singlet molecular
oxygen (1O2), nitric oxide (NO•) and peroxynitrite (ONOO-). Free radicals are by-products of
the mitochondrial and microsomal electron transport chains (Albright et al., 2003) and are
generated in the ‘oxidative burst’ of defensive phagocytic cells, such as macrophages (Kobzik
et al., 1990) and neutrophils (Zhang et al., 2003). Reactive species may also be derived from
exogenous sources, such as ionising or ultraviolet radiation and environmental pollution.
These molecules play an important role as regulatory mediators in signalling processes, such
as the regulation of vascular tone and signal transduction from membrane receptors in various
physiological processes (for review, see Droge, 2002).

The generation of free radicals is normally highly controlled and localised, but extraneous
fluxes occur continuously, and this can on some occasions become exaggerated. Much
research has examined the question of whether substantial radical fluxes may be pathogenic,
however this has only been fully resolved in very few cases (Davies and Dean, 1997; Dean et
al., 1997; Fu et al., 1998a). As such, in most cases it remains unclear whether radicals are the
cause or product of pathogenesis, or if both may be the case.

A key determinant of radical activity is the location, availability and redox state of transition
metals, such as iron and copper (Chevion, 1988). Under normal physiological conditions,
homeostatic mechanisms sequester these metals largely in redox-inactive forms, although a
small proportion may be redox active. Very low levels of these metals are present in free or
low molecular weight form (Simons, 1991; Rae et al., 1999; Kakhlon and Cabantchik, 2002),
of which even less would be redox active. Much higher levels are bound to proteins or other
macromolecules, and whilst only a small proportion of bound metal would be redox active,
this would be a comparatively larger amount than that present in the free form (reviewed in
Halliwell and Gutteridge, 1999).

1.2.1. Stages of Incompletely Controlled Radical Flux
When a radical flux becomes enhanced or delocalised, oxidative stress results. Cells and
organisms respond to such stress, through a number of mechanisms, to terminate or neutralise
the reactive species before significant damage to key macromolecules, such as protein, DNA
or lipids, and induction of processes like apoptosis, can occur. Termination may be a result of
switching off a radical generation mechanism or of intervening in the reaction chains which
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may ensue from radical attack. For example, the lipophilic antioxidant α-tocopherol can act as
a ‘chain breaker’ to prevent the propagation of radical damage through the lipid oxidation
chain reaction. The resultant tocopheroxyl radical is then detoxified, often through reactions
with ascorbate, which generates non-radical end products, thus terminating the reactive
process (Sato et al., 1990; Thomas and Stocker, 2000).

Besides controlling the generation of reactive species, organisms utilise a variety of
antioxidant mechanisms that neutralise or remove these species, again giving rise to
non-radical end products. Such mechanisms range from enzymatic dismutation of the
superoxide radical to sacrificial reaction of molecules, such as thiols, with radicals. However,
whilst some antioxidant processes are well understood, such as those targeted against lipid
oxidation, others are not so well defined, such as those targeted against protein oxidation. The
antioxidant system and its regulation will be discussed in more detail in section 1.4. and is
reviewed in detail in (Davies, 2000).

When oxidative stress is not controlled by termination or neutralisation, oxidative damage
may occur as a result of radical attack on macromolecules, of which proteins are an initial
target (Du and Gebicki, 2004). Such damage includes DNA base modification and strand
breakage (reviewed in Halliwell and Aruoma, 1991); formation of lipid peroxides (reviewed
in Halliwell and Chirico, 1993); and backbone and side chain modification, inactivation and
unfolding of proteins (reviewed in Davies, 2005). During oxidative stress, the cell must be
able to efficiently remove the damage in order to avoid the issues of toxicity that can occur
when oxidative damage accumulates. Therefore, the repair or removal of oxidative damage is
an important process involved in maintaining redox homeostasis. When the cell does not have
the capacity to overcome the radical insult, oxidative damage can accumulate, a condition that
is associated with a variety of diseases including atherosclerosis, cataractogenesis, diabetes,
and neurodegenerative disorders.

1.2.2. Protein Oxidation
Cellular proteins are susceptible to free radical attack, in particular by ROS, resulting in
oxidatively modified proteins (Garrison et al., 1962). Whilst controlled enzymatic oxidation
of proteins is involved in a number of physiological processes, such as activating or
inactivating certain enzymes, radical mediated protein oxidation is often an uncontrolled
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process resulting in damage that can ultimately lead to a loss of protein function. The
polypeptide backbone and amino acid side chains of proteins and peptides are both
susceptible to oxidant attack (Davies et al., 1987), resulting in fragmentation, unfolding,
misfolding and the formation of cross-links (Wolff and Dean, 1986; Davies and Delsignore,
1987), all of which can lead to changes in hydrophobicity, protein inactivation and
aggregation (reviewed in Davies, 2005).

During protein oxidation the most reactive sites are the thiol groups, however all amino acids
can be modified (Davies et al., 1987; Garrison, 1987; Stadtman, 1993). After thiol
consumption, the aromatic amino acids become key targets, with PB-DOPA being a main
product of the reaction of several radicals with tyrosine (Figure 1.1) (Gieseg et al., 1993).
Oxidation of amino acid side chains results in the formation of a wide range of products, the
majority of which are inert species, such as hydroxyphenylalanine, o-tyrosine and m-tyrosine,
however some, such as PB-DOPA, are reactive (Davies, 2005).

OH

OH

Reactive species

H2 C

R-HN

H2 C

R-HN

CO-R

Tyrosine residue

OH

CO-R

PB-DOPA

Figure 1.1: Radical-mediated formation of PB-DOPA. R – represents the rest of the protein.

One determinant of the possible pathological role of protein oxidation is the efficiency by
which oxidised proteins are degraded. Whilst some oxidatively modified molecules can be
repaired, for example certain lipids, the majority of oxidised proteins cannot, with some
exceptions being protein disulfides and methionine sulfoxides (reviewed in Mary et al., 2004).
Rather, most oxidised proteins must be degraded by proteolysis to free amino acids from
which intact molecules are resynthesised or damaged amino acids are further metabolised and
removed from the system (reviewed by Dunlop et al., 2002), making the proteolytic
degradation of oxidised proteins an important antioxidant defence targeted against protein
oxidation.

5

Chapter 1: Literature Review
During most situations of oxidative protein damage, proteins initially unfold and fragment
(Wolff and Dean, 1986; Davies et al., 1987), making them more susceptible to degradation by
the proteolytic system. However, more extensive oxidation can produce molecules that are
poorly degraded due to cross-linking of residues, protein entanglement or aggregation
(reviewed in Grune et al., 2004). The extent of protein oxidation and susceptibility to
proteolysis, therefore, commonly follows a biphasic relationship (Grune et al., 1995; Grune et
al., 1996).

In most tissues, even when there is a condition of continuous oxidative damage, a modest
steady state level of oxidised protein molecules would be established as an equilibrium
between protein oxidation and proteolysis. However, in certain tissues, most notably the lens
of the eye, proteolysis occurs very slowly, partly due to a relatively low concentration of
proteolytic enzymes (David and Shearer, 1989). If protein oxidation occurs more rapidly than
the oxidised proteins can be removed, oxidised proteins can accumulate to exceptionally high
concentrations. This accumulation is associated with the pathology of a number of diseases,
including cataractogenesis, atherosclerosis, Alzheimer’s disease, Parkinson’s disease (PD),
rheumatoid arthritis, diabetes mellitus, cardiovascular disease, multiple sclerosis, Down’s
syndrome and some cancers (reviewed in Stadtman, 2001). Some have also suggested that the
accumulation of oxidised proteins may play a role in the aging process (Harman, 1992).
Whilst much evidence, such as an age-related increased in the level of a number of
oxidation-related protein modifications (Smith et al., 1991; Chao et al., 1997), does support
this theory, it would be difficult to determine if this increase is a result or cause of aging.
However, if aging was unaffected when protein oxidation is blocked, this would indicate that
it is not necessarily a causal feature. Regardless of this, the association of protein oxidation
with aging cannot be denied, however other factors are also likely to be involved.

A major consequence of protein oxidation is the formation of protein aggregates, oligomeric
complexes of partially or completely unfolded and misfolded proteins. Initially, aggregates
are formed as a result of hydrophobic and electrostatic interactions between unfolded proteins,
however secondary modification reactions, such as the formation of covalent bonds and
cross-linking, can take place, resulting in increased stability (Davies, 1987; Davies and
Delsignore, 1987). Other components, such as carbohydrates and oxidised lipids, can react
with these aggregates, forming an enlarged mass of oxidised material (Friguet and Szweda,
1997; Shringarpure et al., 2000). Such aggregation can lead to an accumulation of oxidised
6
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proteins, as aggregates have been found to be poor substrates for degradation (Friguet et al.,
1994; Friguet and Szweda, 1997).

1.3. PROTEIN-BOUND DOPA
PB-DOPA, a product of protein oxidation, is the focus of the experimental work presented in
this thesis. This oxidative modification will, therefore, be discussed here in more detail. Of
the products of protein oxidation, PB-DOPA is of particular interest due to its relative
abundance and its ability to undergo redox reactions. It should be noted that PB-DOPA is also
known to be important in exoskeletal structures of a number of marine species, such as in
adhesive molecules or “glues” (Waite, 1983). This review, however, will focus on the
generation of intracellular PB-DOPA in mammals, in particular as a result of reactions
between oxidative species and proteins. The possible role of PB-DOPA as an indicator of
such events, which could then act as a signalling message, will also be examined.

1.3.1. Generation of PB-DOPA
PB-DOPA is an initial, commonly formed and long-lived product of protein oxidation
(Gieseg et al., 1993). Along with protein thiols, such as methionine and cysteine side-chains,
tyrosine residues are key targets for protein oxidation (Davies et al., 1987), with PB-DOPA
being the main product formed. The complex chemistry of this process has been reviewed in
Davies and Dean (1997) and Dean et al. (1997). In addition to radical mediated oxidation,
PB-DOPA can be generated by enzymatic oxidation, a reaction catalysed by the enzyme
tyrosinase. Whilst tyrosinase substrates are normally amino acids or other small molecules, it
has been demonstrated to act in vitro on protein-bound tyrosine, resulting in the production of
PB-DOPA (Ito et al., 1984; Rodgers and Dean, 2000). However, this is likely to be very
localised and rare in vivo, although poorly studied, as tyrosinase has a limited distribution,
being restricted to melanocytes, retinal pigment epithelium and melanoma cells, and is
therefore likely to be more useful for experimental production of PB-DOPA rather than being
biologically important.

More recently, it has been shown that PB-DOPA can also be generated in vitro by the
incorporation of free DOPA into protein during protein synthesis (Rodgers et al., 2002;
Rodgers et al., 2004). DOPA is incorporated into sites at which tyrosine is normally
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incorporated, directly competing with free tyrosine for uptake. Incorporation of DOPA into
protein occurs relatively rapidly, with a significant level of PB-DOPA generated within
24 hours. Furthermore, it has now been shown that lymphocytes from DOPA treated
Parkinson’s patients contain significantly higher levels of PB-DOPA compared to those from
untreated patients (Rodgers et al., 2006). No other evidence of oxidative damage to proteins
was associated with this increase, suggesting that DOPA was incorporated into the protein
during protein synthesis in vivo, rather than being a result of oxidative reactions.

Many tissues contain PB-DOPA, including liver, kidney, brain and hair (Ito et al., 1983), with
protein in normal human plasma containing around 195 µmol DOPA/mol tyrosine (Fu et al.,
1998b). PB-DOPA levels increase in a number of pathologies and PB-DOPA is the most
abundant protein oxidation product found in atherosclerotic lesions (Fu et al., 1998b) and
cataract (Fu et al., 1998a).

1.3.2. Free DOPA
In contrast to PB-DOPA, free amino acid DOPA is a normal cellular constituent, important in
the pathways of catecholamine, such as those of dopamine, noradrenaline and adrenaline, and
melanin production (reviewed in Pattison et al., 2002). These pathways involve the formation
of free DOPA via controlled enzymatic oxidation of free tyrosine, catalysed by the enzyme
tyrosinase, or less frequently tyrosine hydroxylase. These reactions only occur in certain
specialised cells and tissues, such as melanocytes, retinal pigment epithelium and melanoma
cells and as such, the concentration of free DOPA in circulation is quite low in comparison to
that of tyrosine (Eldrup, 2004). Free DOPA can also be formed by the release of DOPA
during proteolytic degradation of PB-DOPA or by uncontrolled radical-mediated oxidation of
free tyrosine, but again these reactions are likely to be limited due to restricted access of free
tyrosine to redox active transition metals.

Free DOPA is currently the most effective treatment available for the symptomatic relief of
PD, a neurodegenerative disorder characterised by the degeneration of dopaminergic neurons
in the substantia nigra pars compacta (Lang and Lozano, 1998a, 1998b). Following
administration, free DOPA is actively transported across the blood-brain barrier (Kageyama et
al., 2000), moving into the brain, where it is converted into dopamine by DOPA
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decarboxylase. Dopamine levels are replenished in the remaining neurones, thus alleviating
the symptoms of the disease.

Free DOPA is rapidly metabolised in most parts of the body, and as such has a particularly
short half-life (Murata, 2006), resulting in large fluctuations of DOPA concentration in the
blood. Controlled release formulations are now being used to address this issue, and while
they have been found to diminish fluctuations in DOPA concentration, they did not
completely stop them (Stocchi et al., 2005).

Following administration of DOPA, the occurrence of complications such as a decline in
efficacy or the “wearing off” effect; involuntary muscle movements known as DOPA-induced
dyskinesia; and the “on-off phenomenon” involving unpredictable periods of dyskinesias
alternating with periods of immobility (Marsden and Parkes, 1976; Katzenschlager and Lees,
2002), have led some to question the safety of using free DOPA as a therapeutic. However,
there is now much evidence, as detailed below, that DOPA is not damaging in vivo, but rather
that these complications are likely due to the progression of the disease and the rapid
metabolism of DOPA, causing fluctuations of DOPA concentration in the blood (Furlanut et
al., 2001; Murata, 2006).

1.3.3. Relative Potential for Signalling Activity of Free and PB-DOPA
In order to establish the potential for either free or PB-DOPA to function as a signalling
molecule during times of oxidative stress, it is pertinent to compare the likelihood of
generation of DOPA from free versus protein-bound tyrosine during radical attack. A
hydroxyl radical flux, generated at random throughout an aqueous phase, for example by
experimental gamma radiolysis, will react with the first molecule it meets (Garrison, 1987;
Halliwell and Gutteridge, 1999). The likelihood, under these circumstances, that it would
react with free or protein-bound tyrosine is entirely dictated by their relative concentration
and accessibility to the aqueous phase, which in both cases is likely to be high. However,
under physiological or pathological conditions, the generation of hydroxyl radicals is largely
localised by the availability of redox-active transition metals. As mentioned earlier, these
metals are more likely to be bound by proteins, rather than by free amino acids, as they are
generally found in the macromolecular component of cells and not associated with small
molecules (Simons, 1991; Rae et al., 1999; Kakhlon and Cabantchik, 2002). Thus, the
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likelihood of radical-mediated generation of PB-DOPA significantly exceeds that of free
DOPA.

In addition to limited generation, free DOPA can be rapidly metabolised and excreted very
efficiently, within a few hours (Furlanut et al., 2001; Murata, 2006), whereas PB-DOPA can
only be removed following proteolysis (Rodgers and Dean, 2000), resulting in very low
concentrations of free DOPA in circulation. For example, studies have indicated that there is
less than 8 nmol/L free DOPA (Eldrup, 2004) compared to around 62 µmol/L free tyrosine in
human plasma (ter Borg et al., 2005). The biphasic relationship between the extent of
oxidative modification and proteolytic susceptibility has been demonstrated to be true for
PB-DOPA (Rodgers et al., 2002; Rodgers et al., 2004), a property that may be an important
determinant of the longevity and steady-state levels of PB-DOPA in vivo. Low levels of
PB-DOPA cause proteins to be degraded more efficiently than un-modified proteins, but as
the extent of DOPA modification increases, proteolytic susceptibility decreases, such that the
rate of heavily DOPA modified protein degradation is lower than that of unmodified proteins.
This would suggest that, whilst circulating free DOPA concentrations are very low,
PB-DOPA may be present at higher concentrations. Furthermore, this indicates that at low
levels of oxidative stress, PB-DOPA would be relatively short-lived, but during times of high
oxidative stress PB-DOPA would remain for longer, thus producing a more sustained signal
and response. Therefore, the signal and response generated by PB-DOPA, as opposed to free
DOPA, would increase with need, an important property for a signalling molecule.

In regards to pathological conditions, there have been few, if any, reports of significant
changes in free DOPA concentrations during enhanced oxidative stress, whereas changes in
PB-DOPA levels are now well known, with some studies observing increases in PB-DOPA of
around five fold (Fu et al., 1998b), with extremes of around ten fold in cataractous lens (Fu et
al., 1998a). Additionally, when free DOPA is supplied to cells, there is likely to be
proportionally larger changes in the concentration of PB-DOPA, due to rapid incorporation
during protein synthesis, than that of free DOPA itself. The modest changes in free DOPA
concentration will only persist for the first few minutes, or at the very most, a few hours, due
to the combined effect of incorporation, metabolism and excretion.

Therefore, from the above observations, it is clear that if either form of DOPA were to have a
significant physiological effect or function as a signalling molecule, the most likely form
10
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would be PB-DOPA rather than free DOPA. Thus, it is proposed that PB-DOPA, unlike free
DOPA, can function as a redox signalling molecule, triggering the activation of cellular
defences against both oxidative stress and the sometimes subsequent oxidative damage. The
stability of PB-DOPA, as opposed to free DOPA, would provide a sustained signal that would
be able to translocate to other areas of the cell or tissue. This would allow areas distant from
the location of initial stress to prepare for a potential insult, thus preventing or minimising the
spread of oxidative damage. Furthermore, the ability of PB-DOPA to react with a number of
amino acids generating protein cross links can lead to aggregation, helping to maintain the
level of PB-DOPA through proteolytic resistance.

1.3.4. Physiological Effects of PB-DOPA
Protein oxidation was originally thought to result in the formation of relatively inert chemical
species, however it was later shown that radical damage to proteins also results in the
formation of reactive species, including protein bound peroxides and reducing moieties
(Simpson et al., 1992). The reducing moieties were capable of reducing cytochrome c, free
iron and copper, making them important in the propagation of further metal-catalysed radical
reactions. PB-DOPA was later identified as the major reducing species, with further oxidation
products of PB-DOPA also being capable of acting as reducing agents (Gieseg et al., 1993).

PB-DOPA is unusual amongst protein oxidation products in its capacity for a relatively long
half-life, whilst retaining redox activity (Simpson et al., 1992; Simpson et al., 1993).
Furthermore, unlike protein hydroperoxides, another long-lived reactive product of protein
oxidation, PB-DOPA is capable of regeneration through redox cycling reactions. In contrast,
protein hydroperoxides are incapable of regeneration, but are rather detoxified to stable
hydroxides by appropriate reductants (Fu et al., 1995; Gebicki et al., 2002).

PB-DOPA, and also free DOPA, having catechol-like structures, are capable of acting as
either pro- or anti-oxidants (Rodgers and Dean, 2000; Pattison et al., 2002), a property
common to most reductants. In the presence of redox-active transition metals, PB-DOPA
undergoes autoxidation, resulting in the generation of free radicals, which are then capable of
initiating further oxidative damage to nearby proteins, DNA and lipids (Morin et al., 1998;
Pattison et al., 2002). In addition to damage caused by free radicals, the quinones and
semi-quinones generated from DOPA autoxidation are also capable of mediating toxicity
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through reactions with nucleophilic groups on biological molecules (Ito et al., 1984; Ito et al.,
1988). Conversely, PB-DOPA is able to restrict radical reactions by sequestering metals and
is capable of functioning directly as an antioxidant (Exner et al., 2003). PB-DOPA is thus
both a potential contributor to oxidative events due to its redox activity, and a potential
antioxidant by virtue of its metal binding capacity. In addition, whilst the redox activity of
PB-DOPA can result in oxidative modifications to other macromolecules, this implies that
chemical signalling by PB-DOPA might occur via redox reactions with key signalling
molecules. It is therefore hypothesised, and will be tested in the following chapters, that under
physiological conditions, when little redox active transition metal is available, PB-DOPA is
not toxic but rather may function as a signalling molecule, triggering an enhancement of the
cellular antioxidant defence system.

1.3.4.1. Potential Toxic Effects of PB-DOPA
The potential for PB-DOPA to induce toxicity lies in its ability to undergo autoxidation,
resulting in the generation of free radicals which are capable of initiating further oxidative
damage to nearby macromolecules. In the presence of transition metals, PB-DOPA, and also
free DOPA, is oxidised to DOPAquinone, generating a reduced form of the metal (Figure 1.2).
The metal can then be reoxidised by molecular oxygen, resulting in the formation of radicals.
Transition metals are, therefore, essential co-reductants in PB-DOPA autoxidation, however
under normal physiological conditions, the availability of these metals is limited (Simons,
1991; Rae et al., 1999; Kakhlon and Cabantchik, 2002). This suggests that autoxidation of
PB-DOPA would only occur in limited situations, for example when PB-DOPA comes into
contact with a protein metal binding site. Additionally, access of free DOPA to transition
metals is likely to be even more limited, as transition metals tend to be sequestered by
macromolecules such as proteins (Chevion, 1988), suggesting that the autoxidation of free
DOPA would be very rare in biological systems. However, it is also significant that
PB-DOPA itself can bind and redox cycle transition metals, thereby potentially controlling
and/or localising further oxidation of proteins and other macromolecules (Morin et al., 1998).

DOPAquinone can either be converted back into DOPA, making it available for additional
radical generating reactions, or can undergo further reactions, resulting in the formation of
semiquinones or other reactive molecules (Dean et al., 1992). These oxidation products are
also thought to mediate toxicity through reactions with nucleophilic groups (Ito et al., 1984),
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in particular with reduced glutathione (GSH), resulting in GSH depletion and the formation
glutathionyl conjugates. Once GSH is depleted, they can react with thiol groups on proteins,
potentially causing a loss of protein function.

PB-DOPA
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Fe3+
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Figure 1.2: PB-DOPA autoxidation. R – represents the rest of the protein.

The capacity for free and PB-DOPA to transfer oxidative damage to nearby biomolecules
through their autoxidation has been widely studied (for review see Pattison et al., 2002). For
example, in the presence of transition metals, free DOPA causes DNA strand breakage and
oxidative modification (Husain and Hadi, 1995; Spencer et al., 1996), reactions later shown to
also be induced by PB-DOPA (Morin et al., 1998), and PB-DOPA can trigger protein
aggregation

through

the

formation

of

cross-links

such

as

5,5’-di-DOPA

and

5-S-cysteinylDOPA (Ito et al., 1984). As mentioned earlier, these reactions are likely to be
limited under normal conditions due to the low availability of transition metals, but may
become more physiologically relevant during times of high oxidative stress when redox active
metals may become more accessible.

13

Chapter 1: Literature Review
1.3.4.2. Potential Beneficial Effects of PB-DOPA
On the other hand, PB-DOPA can bind transition metals very firmly (Taylor et al., 1995), and
in the absence of appropriate co-reductants, this may help to sequester them away from
oxidative participation. Whilst free DOPA would also be capable of binding transition metals,
the limited access to such metals would suggest that this is unlikely to occur. Thus, PB-DOPA
is a potential antioxidant by virtue of its metal binding capacity, an activity that is analogous
to that of some chemical chelators, which can limit or promote the redox activity of bound
metals depending on their specific chemistry. The antioxidant capacity of PB-DOPA has been
recently demonstrated (Exner et al., 2003), a property that has been shown to be similar to that
of free DOPA (Cadenas et al., 1989). This will be addressed in more detail in section 1.5.1.

1.3.5. Cell Culture and In Vivo Evidence for the Effects of PB-DOPA
The dual functionality of DOPA and the occurrence of adverse effects following long-term
free DOPA administration to some PD patients (Marsden and Parkes, 1976; Katzenschlager
and Lees, 2002), have led some to suggest that DOPA may be toxic. Others, however, suggest
that these effects are more likely due to the progression of the disease and the rapid
metabolism of DOPA, which can cause large fluctuations of DOPA concentration in the blood
(Furlanut et al., 2001; Murata, 2006). This discrepancy has led to extensive research
examining the effects of free DOPA in both in vitro and in vivo experimental systems, with
many studies demonstrating either a toxic, non-toxic or even beneficial effect. The most
recent studies, however, are indicating that free DOPA is not toxic (Bilbao et al., 2006; Chan
et al., 2007; Stefanova et al., 2007). Throughout this research, the focus has remained on the
administration of free DOPA, with little investigation into the physiological effects of
PB-DOPA.
In vitro evidence suggests that the autoxidation of free DOPA can induce toxicity in some
circumstances, resulting in a loss of cell viability in certain cell lines. Other in vitro studies,
however, have indicated that administration of free DOPA to cell culture is not toxic (selected
studies are summarised in Table 1.1). The majority of these studies were carried out under
conditions that would be expected to result in the generation of PB-DOPA, via incorporation
of free DOPA into protein during protein synthesis, and as such the results are likely to be due
to the effects of a combination of both free and PB-DOPA. The importance of PB-DOPA,
however, was highlighted in one study, demonstrating that the protective effect of DOPA was
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specific for the stereoisomer L-DOPA, with D-DOPA having no effect (Mena et al., 1997).
This indicates that DOPA-induced protection may be dependent on the incorporation of
DOPA into protein, a process that can only occur with L-DOPA, thus implicating PB-DOPA
as the main triggering factor. Further research investigating the individual effects of free
compared with PB-DOPA will, however, be needed in order to determine the precise activity
of the two.
Table 1.1: Selected studies examining the in vitro toxicity of free DOPA. DMEM - Dulbecco’s Modified
Eagle’s medium; FBS - Foetal bovine serum; FCS - Foetal calf serum; MEM - Eagle’s minimal essential
medium; NGF - nerve growth factor.
Experimental System
Dose
Result
Reference
Toxicity in Neuronal Cells
Neuronal enriched striatal cell
30-300 µM DOPA, Time and concentrationCheng et al.,
cultures from foetal Wistar rats 6-24 hrs
dependent decrease in cell
1996
in MEM, 10% (v/v) serum
viability; effect diminished by
antioxidants
Neuronal-enriched
mesencephalic cultures from
Sprague-Dawley rat embryos
in serum-free-defined medium
(EF12)

25-200 µM DOPA,
24 hrs

Reduction in TH+ neurons
(dopaminergic neurones)

100-200 µM
DOPA, 24 hrs

Reduction in total neurons and
increase in quinone formation;
effect diminished by
antioxidants

Mesencephalic cells from
Sprague-Dawley rats in MEM,
5% (v/v) serum

50-200 µM DOPA,
72 hrs

Concentration-dependent
decrease in cell viability,
enhanced by a loss of
glutathione; dopamine neurones
more sensitive; effect
diminished by antioxidants

Mytilineou et
al., 2003

Cultured post-mitotic chick
sympathetic neurons in
DCCM-1 with 0.5% (v/v)
horse serum, 10 ng/mL NGF

50-300 µM DOPA,
24 hrs

Loss of cell viability and
induction of apoptosis

Ziv et al., 1997

Human neuroblastoma SHSY5Y cells in DMEM, 10%
(v/v) serum

50-500 µM DOPA,
24 hrs

Concentration-dependent
decrease in cell viability

Emdadul Haque
et al., 2003

Catecholaminergic
neuroblastoma SH-SY5Y cells
in DMEM, 10% (v/v) FBS

1-400 µM DOPA,
48 hrs

Time and concentrationdependent decrease in cell
viability and increase in
melanin formation; effect
diminished by antioxidants

Lai and Yu,
1997

Human neuroblastoma cell line
NB69 in DMEM with
15% (v/v) FCS

50-2500 µM
DOPA, 3-5 days

Time and concentrationdependent decrease in number
of total and viable cells;
increase in quinone formation

Mena et al.,
1992

Rat pheochromocytoma PC12
cells in DMEM high-glucose
medium with 10% (v/v) horse
serum, 5% (v/v) FCS

100-200 µM
DOPA, 24 hrs

Loss of cell viability, enhanced
without serum

Kim-Han and
Sun, 1998
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Experimental System
Dose
Toxicity in Neuronal Cells, continued
PC12 cells in RPMI 1640
50-200 µM DOPA,
medium with 10% (v/v) horse
1-3 days
serum, 5% (v/v) newborn calf
serum

Result

Reference

Time and concentrationdependent loss of cell viability;
toxicity not associated with
dopamine formation

Basma et al.,
1995

Walkinshaw
and Waters,
1995

Rat pheochromocytoma PC12
cells in RPMI 1640 medium
with 10% (v/v) horse serum,
5% (v/v) FCS

200 µM DOPA, 24
hrs

Loss of cell viability and
induced necrosis

50-200 µM DOPA,
24 hrs

Induced apoptosis

Neuro-2A cells in serum-free
MEM

100-1000 µM
DOPA, 24 or 48 hrs

Time and concentrationdependent decrease in cell
viability; effect diminished by
antioxidants

Pedrosa and
Soares-da-Silva,
2002

Murine neural stem cell line
C17.2 in DMEM medium with
10% (v/v) FBS, 5% (v/v) horse
serum

200-1000 µM
DOPA, 24-36 hrs

Time and concentrationdependent decrease in cell
viability and proliferation

Liu et al., 2004

Chinese hamster V79 lung
cells in MEM with 10% (v/v)
FBS

50-500 µM DOPA
in presence of
manganese or
copper, 3 hrs

Decreased cell proliferation and
increased clastogenicity

Snyder and
Friedman, 1998

1-5 mM DOPA, 1-7
days

Concentration-dependent
growth suppression and
decrease in cell viability

Morrison et al.,
1985

Human melanoma cells lines
MM96L, MM418, MM229,
MM138, MM253cl, MM127,
MM548 (also looked at human
fibroblast, HeLa and ovarian
cell lines) in RPMI medium
with 10% (v/v) FCS
Toxicity in Hepatocytes
Hepatocytes from SpragueDawley rats in KrebsHenseleit buffer, pH 7.4,
containing 12.5 mM HEPES
Examples of Non-Toxicity
Ventral midbrain
neurons/cortical astrocyte
cocultures from postnatal rats
in serum-free medium

5-80 µM DOPA, 6
days

Concentration-dependent
decrease in cell viability

Kable et al.,
1989

LC50 7900 µM, 2
hrs

Loss of cell viability

Moridani et al.,
2004

25-200 µM DOPA,
48 hours

Increased cell viability
compared to control cultures

Mena et al.,
1997

FaO rat hepatoma cells and
rat-1 fibroblasts in RPMI 1640
medium with 10% (v/v) horse
serum, 5% (v/v) FCS

50-100 µM DOPA

No loss of cell viability and no
induction of apoptosis

Walkinshaw
and Waters,
1995

J774A.1 murine macrophage
cells in MEM with 10% (v/v)
FCS

150-1000 µM
DOPA, 24 hours

Cell viability remained above
90% for all cultures

Dunlop et al.,
2008

Toxicity in Melanoma Cells
B-16 melanoma cells from
C57Bl/6J mice and Cloudman
S91 melanoma cells, both in
Ham’s F-10 medium,
10% (v/v) FBS

16

Chapter 1: Literature Review
In addition to demonstrating a lack of DOPA-induced toxicity, a number of in vitro studies
have shown that free DOPA can provide beneficial effects. For example, free DOPA can
increase the level of glutathione in mesencephalic cells (Mytilineou et al., 1993; Han et al.,
1996; Mena et al., 1997) and increase the expression of other antioxidants known to be
specifically involved in protecting against DOPA-induced oxidative processes (Scigliano et
al., 1997; van Muiswinkel et al., 2000). DOPA oxidation products have also been shown to
inhibit DNA damage in Raji cells (Shi et al., 2002), although exposure of cells to DOPA was
carried out in PBS, a completely non-physiological condition, and therefore the relevance of
these results is questionable. It is hypothesised in this thesis that these protective mechanisms
are the result of physiological concentrations of PB-DOPA triggering cellular signalling
pathways that are involved in up-regulating the antioxidant defence system.

One component of cell culture that appears to be particularly important for the ability of
DOPA to induce toxicity is the presence of serum. One study demonstrated that DOPA
toxicity to PC12 cells was enhanced by serum deprivation, an effect thought to be a result of
neuronal cells requiring neurotrophic factors present in serum to protect against oxidative
stress (Kim-Han and Sun, 1998). Whilst this may be the case, it is also highly likely that
serum contains factors that inhibit DOPA autoxidation, for example through sequestering
redox active metals, thereby preventing DOPA-induced oxidative stress from occurring. The
instability of DOPA in serum-free culture medium has been demonstrated elsewhere, with
free DOPA undergoing rapid oxidation resulting in the formation of radicals, quinones and
other reactive molecules (Clement et al., 2002). Protective components present in serum
would likely have prevented this reaction, however this possibility was not examined.

As most cell culture experiments are carried out in the presence of serum, the instability of
free DOPA would not generally be an issue, however it highlights the influence of
experimental conditions on the activity of both free and PB-DOPA. Whilst free and
PB-DOPA are capable of functioning as either pro- or anti-oxidants, the specific function is
highly dependent on the surrounding conditions, for example the availability of redox active
transition metals or the presence of components that may protect against damage caused by
free or PB-DOPA. For example, glial cells are able to protect dopaminergic neurons from
DOPA-induced toxicity due to the production of neurotrophic factors that are capable of
protecting against the toxic effects of DOPA (Mena et al., 1996). A number of studies
demonstrating DOPA-induced toxicity, however, have cultured neuronal cells in the absence
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of glial cells (Pardo et al., 1995; Mytilineou et al., 2003), suggesting that these findings are
unable to be related to in vivo conditions where protective components would be readily
available. As such, the demonstrated toxicity seen in these in vitro studies may be an artefact
of the conditions in which they were carried out and not directly reflect the effects of free or
PB-DOPA in a more physiological environment. In addition, the level of supplied DOPA
used is often much greater than would be expected to occur in an in vivo system, even
following DOPA administration to PD patients, casting further doubt on the reliability of
these results.

The potential toxicity of DOPA has also been investigated using a number of in vivo
experimental systems, the most common being 6-hydroxydopamine (6OHDA)-lesioned
animals used as a model of Parkinson’s disease. Investigation of the effects of DOPA therapy
in PD and non-parkinsonian human patients have also been used to examine the toxicity of
DOPA. The majority of these studies have found no evidence that DOPA is toxic in vivo (see
Table 1.2), although a few have argued to the contrary. For example, Blunt et al. (1993) report
a reduction in dopaminergic neurons remaining in the 6OHDA-lesioned area of rat brains,
although neurons in the intact region were unaffected. However, in the lesioned area, these
results are based on minimal changes in the number of dopaminergic neurons in the substantia
nigra, due to the almost complete loss of these neurons by 6OHDA-treatment, with the only
substantial changes seen in the ventral tegmental area of the brain. Therefore, these results do
not appear to be very convincing, particularly in light of the number of studies demonstrating
either no change or an increase in the number of dopaminergic neurons following treatment
with DOPA (see Table 1.2).

The majority of studies specifically investigating the potential toxicity of DOPA are limited to
experimental systems involving brain-derived cells or tissues, with few examining the toxic
effects of DOPA on other areas of the body. This is the case for both in vitro and in vivo
studies, and is due to the focus on the adverse effects of DOPA therapy in PD patients.
However, a small number of in vitro studies investigating other properties of DOPA have
utilised non-brain derived cells, with no evidence of toxicity being detected (see Table 1.1).
Since the presence of PB-DOPA has been detected in areas outside of the brain, it would be of
interest to further investigate its effects on these cells and tissues, particularly as the presence
of elevated levels of PB-DOPA has been linked with a number of pathologies such as
atherosclerosis (Fu et al., 1998b) and cataractogenesis (Fu et al., 1998a).
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Table 1.2: Selected examples of the effects of DOPA administration to a number of in vivo systems.
In vivo effects
References
6OHDA-lesioned animal models
Promotes recovery of dopaminergic neurons
Murer et al., 1998; Datla et al.,
2001; Bilbao et al., 2006
No increase in oxidative stress
Normal animal models
No loss of dopaminergic neurons

Camp et al., 2000
Hefti et al., 1981; Perry et al.,
1984; Ferrario et al., 2003

No evidence of neuronal damage

Sahakian et al., 1980;
Mytilineou et al., 2003

No evidence of oxidative stress or damage

Loeffler et al., 1994; Ogawa et
al., 1994; Lyras et al., 2002

Parkinson’s disease patients treated with DOPA
Increased life expectancy compared with untreated PD
patients

Uitti et al., 1993; Rajput, 2001b

No differences in post-mortem morphology of any organs,
including the brain, compared with untreated PD patients

Yahr et al., 1972

No evidence of increased oxidative damage

Ahlskog et al., 1996

Restores antioxidant capacity in PD patients

Tohgi et al., 1995; Scigliano et
al., 1997; Boll et al., 1999

No detectable signs of accelerated disease progression

Rajput et al., 1997; Fahn and
and the Parkinson Study Group,
2005

Accelerated disease progression compared to patients treated
with the dopamine agonists, ropinirole or pramipexole. No
untreated controls were included in these studies
Non-Parkinsonian human patients treated with DOPA
No evidence of neuronal damage

Marek et al., 2002; Whone et
al., 2003

Quinn et al., 1986; Rajput et al.,
1997; Rajput, 2001a

From the current knowledge, DOPA toxicity appears to be limited to in vitro conditions,
where key protective components may not be present and the availability of redox active
transition metals may not be controlled. These metals are not freely available under normal
physiological conditions, and as such PB-DOPA is unlikely to undergo autoxidation, thus
minimising the likelihood of inducing toxic effects, a property that is reflected in the lack of
in vivo evidence pointing to DOPA toxicity. The toxic effects of PB-DOPA may only become
an issue when the ability to protect against such a radical insult is compromised, for example
during times of enhanced oxidative stress. The current experimental evidence therefore
suggests that DOPA is a well tolerated treatment for PD and that rather than being toxic,
PB-DOPA may be capable of triggering an increase in the activity antioxidant defences,
enabling the cell to overcome oxidative stress and any adverse effects resulting from its
autoxidation.
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1.4. CELLULAR SIGNALLING OF ANTIOXIDANT DEFENCES
Multicellular organisms depend on a complex system of signalling pathways to receive,
transmit and respond to numerous environmental stimuli. Specific receptor-ligand interactions
trigger a cascade of events, mediated by intracellular signalling molecules, that result in some
form of physiological change, for example an alteration in gene expression or an activation or
inactivation of an enzyme. There are many different types of extracellular signalling
molecules, including proteins, small peptides, amino acids, nucleotides, steroids, fatty acid
derivatives and dissolved gasses, most of which act at very low concentrations, binding the
receptor with high affinity. A multitude of intracellular signalling molecules, including
GTP-binding proteins, phosphatases and kinases, interact together to transfer the signal to the
target site.

Oxidative stress modulates the activity of various enzymes and transcription factors through
the activation of numerous signalling pathways. The ultimate result is often a change in the
pattern of gene expression, enabling the cell to respond to the stress. These pathways can be
associated with cell survival or cell death, depending on the specific circumstances (reviewed
in Kamata and Hirata, 1999; Martindale and Holbrook, 2002). The following sections will
describe these defences in more detail and will outline the potential role PB-DOPA may play
in their regulation.

1.4.1. Antioxidant Defences
As a primary defence against oxidative stress, cells contain a highly regulated antioxidant
defence system involved in the removal or neutralisation of reactive species, the regulation of
oxidative reactions and the repair or removal of oxidative damage. Under conditions of
oxidative stress, when the rate of reactive species generation increases above the normal
physiological rate, cells must increase their antioxidant capacity. If the rate of radical
generation exceeds the capacity for removal or neutralisation, the accumulation of oxidative
damage can result.

The antioxidant defence system involves enzymatic antioxidants, including superoxide
dismutase (SOD), catalase and peroxidase; low molecular weight antioxidants, including
glutathione, bilirubin, α-tocopherol and ascorbic acid; proteins involved in sequestering
redox-active transition metals and reactive species, including metallothionein, transferrin,
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haptoglobin, ferratin and ceruloplasmin; chaperones and heat shock proteins, such as Hsp70
and Hsp90; and enzymes involved in the removal of oxidative damage, for example
proteolytic proteins (reviewed in Halliwell and Gutteridge, 1999; Davies, 2000). These
components work together to minimise damage caused by reactive species in order to
maintain a healthy physiological state.

Components of the antioxidant system have a variety of functions that work together to
increase the capacity to overcome enhanced oxidative flux. Many enzymatic antioxidants are
involved in converting reactive species into less reactive metabolites. For example, SOD
catalyses the conversion of the superoxide radical to hydrogen peroxide and oxygen
(Fridovich, 1995). Other proteins, such as ferritin and haptoglobin, inhibit oxidative reactions
by sequestering transition metals (Balla et al., 1992). Low molecular weight scavengers, such
as α-tocopherol, bilirubin and glutathione, act as sacrificial antioxidants, directly scavenging
reactive species.

1.4.2. Antioxidant Defences Targeted Specifically Against Protein Oxidation
Cells have developed highly regulated antioxidant defences targeted specifically against
protein oxidation that are responsible for controlling the repair or removal of oxidatively
modified proteins. It should be noted, however, that whilst the antioxidant defences against
lipid oxidation, for example, are relatively well understood, the defences against protein
oxidation are poorly defined. Although some oxidatively modified molecules can be repaired,
for example certain lipids, oxidised proteins generally cannot be. Rather, they must be
degraded by proteolysis to free amino acids, which are then either degraded further or used to
resynthesise new intact molecules (reviewed in Dunlop et al., 2002). As such, the
accumulation of oxidised protein within a cell is dependent on the balance between the rate of
protein oxidation and the rate of oxidised protein degradation, making the proteolytic system
a key antioxidant defence targeted against protein oxidation.

A limited number of protein oxidative modifications, however, can be repaired. For example,
some oxidative products of the sulphur-containing amino acids, methionine and cysteine, can
be reduced back to their original structure. These repair processes are mediated by a small
number of enzymatic systems, including the methionine sulfoxide reductases, the
thioredoxin/thioredoxin reductase system and the glutaredoxin/glutathione/glutathione
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reductase system (reviewed in Mary et al., 2004). However, such reversible oxidation is a
rarity, with most oxidative protein products requiring removal via proteolysis.

Cells contain several proteolytic pathways, two of the major pathways being the lysosomal
proteases and the proteasomal system. The lysosome, a membrane bound organelle, contains a
variety of hydrolytic enzymes, including proteases. Specifically, the enzymes involved in
lysosomal proteolysis are the cathepsins, a group of cysteine or aspartic proteases belonging
to the papain superfamily (Turk et al., 2000; Turk et al., 2001). The lysosome is primarily
involved in the degradation of extracellular proteins that have been taken up by the cell, for
example pathogenic proteins, and also in the degradation of some intracellular proteins, for
example long-lived or organelle proteins.

The proteasome is a multicatalytic protein complex located in the nucleus and cytosol,
consisting of a 20S core proteolytic particle and several regulatory factors that influence its
activity through their association (reviewed in Coux et al., 1996). The proteasome selectively
degrades soluble intracellular cytoplasmic and nuclear proteins and is also involved in the
degradation of abnormal proteins, for example mutated or misfolded proteins (Rock et al.,
1994). Regulation of the proteasome is essential, since it is found in both the nucleus and
cytosol where extensive proteolytic damage could occur. This is achieved through the
association of regulatory factors that allow the proteasome to interact with various cellular
components, such as ubiquitin, heat shock proteins and other chaperones, which function as
recognition markers, targeting specific proteins for degradation (Coux et al., 1996).

A number of distinct forms of proteasome exist, depending on the specific regulatory factors
involved, the two most abundant forms being the 20S and 26S proteasome (Coux et al., 1996).
Other forms include the immunoproteasome, involved in antigen presentation (Yang et al.,
1995), and the hybrid proteasome (Tanahashi et al., 2000). The association of two 19S
(PA700) regulators on either end of the 20S proteasome generates the 26S proteasome
complex, a complex that is involved in ATP- and ubiquitin-dependent proteolysis (Voges et
al., 1999; Glickman and Ciechanover, 2002).

The 20S proteasome was originally thought to be an inactive precursor to the 26S proteasome,
however, studies have now demonstrated that the 20S proteasome is itself capable of
degrading proteins, a process that occurs without the need for ubiquitin conjugation or ATP
22

Chapter 1: Literature Review
(Coux et al., 1996). It is thought that oxidised proteins are preferentially degraded via this
pathway, as investigations into the degradation of oxidised proteins have clearly shown that
the 20S proteasome is able to recognise and selectively degrade these modified proteins
(Fagan and Waxman, 1991; Grune et al., 1995 and reviewed in Grune et al., 1997; Grune et
al., 2003) and that the degradation of oxidised proteins occurs without ATP (Grune et al.,
1996) or ubiquitin (Shringarpure et al., 2003).

As described earlier, degradation of oxidised proteins generally follows a biphasic response,
with mildly oxidised proteins being more susceptible and heavily oxidised proteins more
resistant to proteolysis compared to the native protein (Grune et al., 1995; Grune et al., 1996).
Proteolytic resistance is partly due to protein aggregation, a process that can occur due to high
levels of oxidative damage, as these aggregates are no longer capable of being inserted into
the proteasome to reach the proteolytically active sites. Proteins must, therefore, be separated
from the aggregate and unfolded further in order to be degraded, a process that may not
always be possible, particularly when the aggregates contain covalent bonding. Furthermore,
the proteasome can become obstructed by non-degradable protein, ultimately causing a loss of
proteolytic activity (Bence et al., 2001; Kisselev et al., 2002).

Oxidised aggregates are often taken up into the lysosome by autophagocytosis, resulting in a
high concentration of damaged protein in the lysosome (Terman and Brunk, 1998). This
suggests that the lysosomal proteases may play a role in the degradation and removal of
oxidised proteins, particularly under conditions in which the proteasomal activity is
diminished. So, whilst it is established that mildly oxidised proteins are preferentially
degraded by the proteasomal system, as oxidation becomes more substantial and aggregates
begin to form, the lysosomal proteases may become a more important pathway for oxidised
protein degradation. The removal of mildly oxidised proteins before significant aggregation
can occur is essential for maintaining the correct functioning of the cell, making the
proteasome, and potentially also the lysosomal proteases, important components of the
antioxidant defences targeted against protein oxidation.

Since degradation of oxidised proteins has been shown to occur without ubiquitin conjugation,
other recognition and regulation markers are needed to enable oxidised protein to be targeted
for degradation via this pathway. A number of possibilities have been suggested, however the
evidence is based on in vitro studies and little is known about the major markers involved in
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recognition in vivo. Hydrophobic patches, exposed when proteins become partially unfolded,
are thought to serve as recognition markers for oxidised protein degradation (Giulivi et al.,
1994; Grune et al., 2003; Grune et al., 2004), an idea supported by the discovery that the 20S
proteasome has a preference for binding hydrophobic and aromatic amino acids (Kisselev et
al., 2002). A second possibility is that selective oxidation of specific amino acids may result
in the formation of recognition markers. For example, proteolysis of glutathione synthetase is
increased after a threshold level of methionine residues have been oxidised (Levine et al.,
1996), however this study also demonstrated a positive relationship between hydrophobicity
and proteolytic susceptibility, making it difficult to specify which consequence of oxidation
was more involved in the enhancement of proteolysis. PB-DOPA, being an initial and
commonly formed product of protein oxidation, could also function as a recognition marker,
making it an ideal candidate for signalling the degradation of oxidised protein. In support of
this theory, studies have shown that covalent modification of tyrosine residues can increase
the rate of 20S proteasome-induced proteolysis in vitro (Giulivi and Davies, 1993; Lasch et al.,
2001). Although DOPA was not specifically discussed in these studies, the findings implicate
PB-DOPA as a potential recognition marker, due to it being one of the primary products
generated from tyrosine oxidation.

Apart from proteolytic proteins, molecular chaperones, such as the heat shock proteins, also
play an important role in the antioxidant defence system targeted against protein oxidation.
Unfolding, occurring as a result of protein oxidation, can often cause a loss of function and if
not refolded or removed, these proteins can form potentially toxic aggregates (Hawkins and
Davies, 2005). Molecular chaperones enable the cell to handle unfolded or misfolded proteins
by aiding their refolding, sequestering them to prevent the formation of aggregates or, if they
cannot be refolded, targeting them for degradation. Chaperone cofactors, such as carboxyl
terminus of Hsc70-interacting protein (CHIP) or Bcl-2-associated athanogene (BAG-1)
proteins, are also important for the removal of oxidised proteins from the system. These
cofactors physically link chaperones to the ubiquitin-proteasome system, enabling unfolded
proteins to be degraded (Ballinger et al., 1999; Demand et al., 2001). Thus, chaperones and
related proteins are vital for the repair and removal of oxidised proteins and provide another
component of the cellular antioxidant defence system specifically involved in the repair or
removal of oxidised proteins (reviewed in Wickner et al., 1999).
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1.4.3. Signalling of Antioxidant Defences by Oxidants and Oxidative Products
Beside the immediate, pre-existing defences against oxidative stress, a number of antioxidant
defence mechanisms are known to be regulated, both at the gene and protein level, and can be
triggered under certain defined conditions. For example, the heat stress response can be
initiated by oxidative stress (Hayashi et al., 2003), and whilst the specificity of the response
differs between different stimuli, it can defend against both heat damaged proteins and
oxidatively damaged macromolecules, such as unfolded proteins. This, and other similar
responses (see Table 1.3), are examples of gene regulatory responses to oxidative stress and
oxidative damage. Broadly, these responses tend to induce homeostasis, so that the initiating
trigger, be that oxidative stress or damage, is terminated, neutralised or removed. Such
responses complement the immediately available sacrificial and enzymatic responses to
oxidative stress.

Table 1.3: Selected examples of oxidative events that trigger antioxidant defences.
Trigger
ROS

Example Response
Release of calcium from
internal stores

Consequence
Initiates calcium mediated
signal transduction

Indicative Reference
Xi et al., 2005

ROS

Activation/inactivation of
several signalling pathways,
e.g. MAPK pathways

Changes in pattern of gene
expression, enhancing cell
survival or inducing cell
death

Martindale and
Holbrook, 2002

Hydroperoxides

Enhanced expression of
peroxiredoxins

Detoxification

Ishii et al., 1993

RNS

Nitration of tyrosine
residues (particularly by
peroxnitrite)

Alteration of signal
transduction through
inhibition of tyrosine
phosphorylation

Gow et al., 1996

Nitric oxide

Activates GTP binding
protein p21Ras

Initiation of signal
transduction

Lander et al., 1997

Unfolded
protein

Increased activity of
chaperones

Protein refolding or protein
degradation

McDuffee et al., 1997

Many organisms have the ability to respond to oxidative stress by inducing an increase in
antioxidant defences, thus resulting in an enhanced rate of oxidant clearance allowing cells
and tissues to maintain redox homeostasis. This process, often referred to as the oxidative
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stress response, is largely due to a complex interaction of signalling pathways, the majority of
which cause changes in gene and protein expression, mediated by the activation of several
transcription factors. Multiple pathways are thought to be involved, including the extracellular
signal-regulated kinase (ERK) pathway, the stress-activated protein kinase (SAPK) pathway,
and the c-Jun N-terminal kinase and p38 kinase pathways (reviewed in Martindale and
Holbrook, 2002). These pathways result in a variety of responses, ranging from cell death to
enhanced cell survival. Redox active intermediates, however, are also important in a variety
of cellular regulatory mechanisms and as such, many of these processes occur under normal
physiological conditions, not just under pathological conditions, resulting in the maintenance
of homeostasis.

Many of these pathways involve redox signalling, a regulatory process in which the signal is
delivered through redox chemistry (reviewed in Kamata and Hirata, 1999; Droge, 2002). For
example, ROS and RNS are thought to be involved in redox signalling either by direct
activation of redox-sensitive signalling molecules, such as protein kinases, phosphatases and
transcription factors, or by functioning as second messengers (Forman et al., 2002).
Furthermore, reactive products of oxidative stress, including electrophilic lipid oxidation
products (Levonen et al., 2004), may also be involved in redox signalling. Whilst the
mechanisms are not fully understood, it is thought that these products mediate redox
signalling through post-translational modification of signalling molecules, direct interaction
with proteins receptors, or indirectly through the generation of ROS or RNS (Ceaser et al.,
2004; Zmijewski et al., 2005).

The increasing knowledge of the detrimental effects of oxidative stress has highlighted the
need for a greater understanding of the processes involved in activating the antioxidant
defence system, with the ultimate goal of developing therapeutics that could be used for the
treatment of diseases involving oxidative stress. As a result, much research is now focusing
on the identification of molecules that may play a role in redox signalling and understanding
the processes involved. The hypothesis presented in this thesis is that the generation of
PB-DOPA triggers an enhancement of cellular antioxidant defences through direct
modification of proteins or, more substantially, by altering gene expression. This would
permit PB-DOPA, a redox sensor, to firstly restrict and then potentially terminate the
initiating oxidative stress. The circumstances in which antioxidant defences targeted against
specific forms of oxidation are required are not necessarily identical, nor are the mechanisms
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required to induce these responses. As such, PB-DOPA, being a product of protein oxidation,
may have particular importance in controlling antioxidant responses targeted against protein
oxidation, and perhaps even more specifically against those reactions involving catalysis by
transition metals bound to proteins. This proposed triggering mechanism of PB-DOPA would
complement the homeostatic removal of oxidised proteins, whilst also helping to limit or stop
ongoing oxidative stress. The following sections will discuss the current evidence supporting
this hypothesis and examine some of the potential mechanisms involved.

1.5. POSSIBLE MECHANISMS OF PB-DOPA SIGNALLING
There is much evidence to suggest that PB-DOPA, being a product of protein oxidation, may
play a role in enhancing the antioxidant defence system, thus enabling the cell to more easily
overcome oxidative stress. There are several possible mechanisms for PB-DOPA signalling,
including direct reaction of PB-DOPA with redox sensitive molecules, indirect action through
the generation of ROS, activation of pre-existing antioxidant defences, or secondary
regulation of gene expression. The following sections will explore these possibilities.

1.5.1. PB-DOPA Acting Directly as an Antioxidant
PB-DOPA is capable of acting directly as an antioxidant. Being a reductant, and thus capable
of being oxidised, PB-DOPA can compete with biomolecules for reaction with reactive
species. Following this, the oxidised product can be reduced back to PB-DOPA for the
process to be repeated. Through this activity, PB-DOPA, and also free DOPA, can inhibit low
density lipoprotein oxidation (Exner et al., 2003), and free DOPA has been shown to inhibit
lipid peroxidation (Cadenas et al., 1989).

PB-DOPA can bind transition metals very firmly (Taylor et al., 1995), and whilst this can lead
to redox cycling and further oxidative reactions (Morin et al., 1998), in the absence of
appropriate co-reactants, this may help to sequester transition metals away from oxidative
participation. This chelation can also alter the redox properties of the metals and thus their
ability to function in radical generating reactions. Evidence of PB-DOPA metal sequestration
has been seen during DOPA treatment of Parkinson’s patients, shown by a decrease in redox
active copper in cerebrospinal fluid when compared to untreated patients (Boll et al., 1999).
Free DOPA, due to its limited contact with such metals, would be less likely to function in
this way. Whilst this is not necessarily a signalling function, through this action PB-DOPA
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may play a direct role, acting as an antioxidant to prevent further oxidative reactions from
occurring.

1.5.2. Involvement of PB-DOPA in Redox Signalling
The involvement of reactive species in the regulation of intracellular signalling is now well
understood, and is often referred to as redox signalling. Oxidants such as ROS are known to
activate a wide range of signalling molecules, including protein tyrosine kinases,
mitogen-activated kinases and protein kinase C, and are thought to function as second
messengers (for example see Jahngen-Hodge et al., 1997; Reinheckel et al., 2000). Changes to
the cellular redox state, such as would occur when enhanced levels of reactive species are
present, also plays an important role in cellular signalling pathways, with numerous cellular
processes being regulated by subtle changes in redox balance. Thiols, such as glutathione,
cysteine and methionine, are essential components involved in the maintenance of redox
balance due to their ability to be reversibly oxidised, and as such play a vital role in the
regulation of intracellular signalling events (Kamata and Hirata, 1999; Forman et al., 2002).

Being redox active, the presence of PB-DOPA would affect the overall cellular redox status,
and, perhaps more importantly, in the presence of transition metals PB-DOPA can undergo
autoxidation resulting in the formation of ROS. As mentioned earlier, the availability of redox
active transition metals is limited, however their association with proteins may occur
(Chevion, 1988), and it is at these sites that this reaction may be physiologically significant.
As such the generation of ROS at sites of protein oxidative damage may result in an
enhancement of the antioxidant system in the immediate area. Due to the restricted
availability of transition metals, the generation of ROS by PB-DOPA would likely be limited
to sub-toxic levels, and it is at these levels that ROS has been shown to be involved in
signalling processes (Forman et al., 2002). Thus, PB-DOPA would be able to initiate a
targeted response against oxidative stress, resulting in a termination or neutralisation of the
stressor and removal of the oxidised protein.

The concept of redox signalling also suggests that molecules capable of undergoing redox
reactions could be involved in signalling through direct reaction with redox-sensitive
signalling molecules, such as protein kinases, phosphatases and transcription factors (Ceaser
et al., 2004; Zmijewski et al., 2005). Evidence suggests that both reactive species and redox
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active products of oxidative damage can function in this way. For example, electrophilic lipid
oxidation products have been shown to activate several signalling pathways involved in
inducing responses such as cell proliferation, cell adhesion, apoptosis and the enhancement of
antioxidant defences (Levonen et al., 2004). Additionally, these redox active molecules may
function as second messengers (reviewed in Forman et al., 2002). The chemical nature of PBDOPA makes it a key candidate for direct interaction with signalling proteins, and as such
may be involved in the adaptive cellular response to oxidative stress.

1.5.3. Defences Activated Through Protein Regulation or Modification
There are some well-studied instances of protein modifications that can change enzymatic
function in antioxidant defences, without requiring a gene regulatory change. For example,
cysteine residues are critical redox-sensitive regulatory switches for many cellular signalling
pathways, transcription factors and redox-sensitive signalling molecules (Barford, 2004).
Proteins containing cysteine residues have been suggested as targets for ROS, often involving
the formation of reversible disulfide bonds or sulphenic acid (-SOH) (reviewed in Winyard et
al., 2005). These residues, therefore, may be considered as mediators of redox signalling,
although not all cysteines are susceptible. Protein disulfide bonds have the potential to be
involved in redox signalling due to the fact that many enzymes contain critical residues that
when reacted with may cause inactivation or activation of the enzyme, for example
thioredoxin or protein kinase C (Winyard et al., 2005).

Much evidence is available for the role of cysteine residues in altering protein function,
however other amino acids may also serve this function. For example, oxidative modification
of two histidine residues in the iron-binding site of the bacterial transcription factor PerR
inactivates the protein, resulting in an increase in the expression of some antioxidant genes
(Lee and Helmann, 2006). This raises the possibility that tyrosine residues may also act as
redox switches, triggering a change in protein function that could lead to an enhancement of
antioxidant defences. The function of enzymes containing tyrosine residues essential for their
activity, such as tyrosine kinases, may be affected if these residues are oxidised to PB-DOPA.
PB-DOPA may contribute to protein activation or inactivation through protein-protein
interaction involving covalent or non-covalent bonding. Reaction of PB-DOPA with amino
acid side chains can result in the formation of protein cross links (Pattison et al., 2002),
including 5-S-cysteinylDOPA, which is formed via reaction with cysteine residues (Ito et al.,
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1984; Ito et al., 1988). Such modification is likely to alter the function of these proteins and
thereby affect signalling pathways. Reaction with these components provides a potential
mechanism for PB-DOPA involvement in signalling pathways controlling pre-existing
systems.

There are several documented instances of redox-cycling quinones, for example
DOPAquinone, influencing important mediator proteins or being involved in signalling
pathways. For example, these redox cycling quinones have been shown to activate ERK-1 and
ERK-2, signalling molecules involved in cell proliferation (Whitmarsh and Davis, 2000); the
epidermal growth factor receptor (Abdelmohsen et al., 2003); and hepatocyte protein kinase C,
apparently as a result of changes in its thiol status (Kass et al., 1989). Although there is at
present no direct evidence of this in the case of PB-DOPAquinone, it remains a clear
possibility.

1.5.4. Defences Activated Through Regulation of Gene and Protein Expression
It is now well established that many ROS and oxidation products function in cell signalling,
but the exact mechanisms behind their involvement are not well understood. Changes to the
pattern of gene expression are essential for the regulation of antioxidant defences and are the
ultimate result of many of these signalling pathways (Seong et al., 2002). Cellular systems
can adapt to oxidative stress by up-regulating the expression of genes encoding proteins
involved in antioxidant defences, including proteins that neutralise or terminate the stressor,
such as enzymatic antioxidants, or proteins that remove oxidative damage (Davies, 2000).
Regulation of gene expression is likely to include both direct action on DNA and indirect
action, for example through activation of transcription factors.

Evidence has mounted for the effects of DOPA on gene regulation, particularly in animal and
in vitro models associated with Parkinson’s disease, however little investigation is based on
normal conditions. Experiments comparing the activities of free and PB-DOPA in chemical
systems suggest that PB-DOPA has all the capabilities of free DOPA, however the reactions
are slower, probably due to the protective effect of the protein molecule (Pattison et al., 2002).
In mammalian systems, the supply of free DOPA will normally be associated with the
formation of PB-DOPA by protein synthesis, thus the literature on the effects of free DOPA
will provide pointers to the action of PB-DOPA.
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Many genetic and proteomic studies have demonstrated that administration of free DOPA,
under conditions in which PB-DOPA would be expected to be generated, can alter the
expression of a number of genes and proteins, including antioxidants, transcription factors,
signalling proteins, hormones, cellular mediators, neurotransmitters and proteins involved in
protein folding and degradation (Ferrario et al., 2003; Valastro et al., 2007). Many of these
genes and proteins are involved in the antioxidant defence system (examples of which are
presented in Table 1.4), both for the neutralisation or termination of oxidative stress and for
the removal of oxidative damage.
Table 1.4: DOPA-induced regulation of gene and protein expression involved in antioxidant defences.
Selected examples from the literature are presented here.
Gene/Protein
Experimental System
Regulation
Function
Reference
Antioxidant Enzymes
Valastro et al.,
Peroxiredoxin 5 Dyskinetic unilateral
Reduces peroxides
Increased protein
2007
6OHDA-lesioned rats
mitochondrial
expression
treated with 6/15 mg/kg/
precursor
day DOPA/benserazide for
Peroxiredoxin 1 21 days (compared with
Decreased protein
Peroxiredoxin 2 vehicle treated animals)
expression
Soluble SOD 1

Glutathione
peroxidase 4

Partial unilateral lesioned
rats treated with 170/17
mg/kg/day levodopa/
carbidopa for 6 months
(compared with vehicle
treated animals)

Increased gene
expression in medial
forebrain bundle

Reduces superoxide
to H2O2

Ferrario et al.,
2004

Acts in concert with
glutathione to reduce
H2O2 to water

Glutathione S
transferase
subunit 7pi

Involved in
detoxification by
glutathione

Cu/Zn SOD

Lymphocytes isolated
from DOPA treated PD
patients (compared with
untreated PD patients and
healthy controls)

Increased enzyme
concentration

Reduces superoxide
to H2O2

Blandini et al.,
2003; Blandini
et al., 2004

NQO

Rat C6 astroglioma and
primary rat astroglial cells
treated with 100 µM
DOPA, 24 hrs (compared
with untreated cells)

Increased mRNA
expression and
increased enzyme
activity

Reduces quinones to
less toxic species

van
Muiswinkel et
al., 2000

Ceruloplasmin

PD patients treated with
400 mg/day DOPA > 6
months (compared with
untreated PD patients)

Increased
ferroxidase activity
in CSF

Sequesters copper
and had ferroxidase
activity

Boll et al.,
1999

Metallothionine
III (growth
inhibitory
factor)

Foetal mouse brainderived glial cells (VR-2g)
treated with 50 µM
DOPA, 24 hrs (compared
with untreated cells)

Increased mRNA
expression

Sequesters zinc and
copper; scavenges
ROS

Aoki et al.,
1998
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Gene/Protein
Experimental System
Proteolytic Proteins
Proteasome
Dyskinetic unilateral
subunit α type 2 6OHDA-lesioned rats
treated with 6/15 mg/kg/
day DOPA/benserazide for
21 days (compared with
vehicle treated animals)

Regulation

Function

Reference

Increased protein
expression

Protein degradation

Valastro et al.,
2007

Cathepsin B
Cystatin B
20S Proteasome

Mouse J774 cells treated
with 500 µM DOPA, 24
hrs (compared with
untreated cells)

Increased mRNA
expression

Protein degradation

Dunlop, 2005

Proteasome
subunits:
Component C8
ι Subunit
β Subunit
Subunit C5

Partial unilateral lesioned
rats treated with 170/17
mg/kg/day levodopa/
carbidopa for 6 months
(compared with vehicle
treated animals)

Increased gene
expression in medial
forebrain bundle

Protein degradation

Ferrario et al.,
2004

Cathepsins:
Cathepsin H
Cathepsin S
Cathepsin L
Cathepsin B
Caspase-3

Protein degradation
in the lysosome

Lymphocytes isolated
from DOPA treated PD
patients (compared with
untreated PD patients and
healthy controls)

Chaperones and Related Proteins
Protein
Non-dyskinetic unilateral
disulfide6OHDA-lesioned rats
isomerase A3
treated with 6/15 mg/kg/
precursor
day DOPA/benserazide for
21 days (compared with
vehicle treated animals)
78 kDa
glucoseregulated
protein
precursor

Dyskinetic unilateral
6OHDA-lesioned rats
treated with 6/15 mg/kg/
day DOPA/benserazide for
21 days (compared with
vehicle treated animals)

α-crystallin B
chain

Hsp70
Hsc70
Hsp60

Rats treated with 50-600
mg/kg DOPA, 48 hrs
(compared with vehicle
treated animals)

Increased enzyme
concentration

Involved in
apoptosis

Blandini et al.,
2003

Decreased protein
expression

Catalyses
rearrangement of
disulfide bonds and
functions as a
chaperone

Valastro et al.,
2007

Increased protein
expression

Endoplasmic
reticulum protein
chaperone

Valastro et al.,
2007

Decreased protein
expression

Lens structural
protein with
chaperone activity

Increase in protein
expression in the
substantia nigra

Protein chaperones
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Gene/Protein
Experimental System
Regulation
Chaperones and Related Proteins, continued
Hsp70
Mouse J774 cells treated
Increased mRNA
Hsp90
with 500 µM DOPA, 24
expression
Hsp90β
hrs (compared with
TCP-1-eta
untreated cells)
TCP-1-epsilon
BAG-1
Hsp-90β

Function

Reference

Protein chaperones

Dunlop, 2005

Chaperone cofactor
Partial unilateral lesioned
rats treated with 170/17
mg/kg/day levodopa/
carbidopa for 6 months
(compared with vehicle
treated animals)

Increased gene
expression in medial
forebrain bundle

Protein chaperone

Ferrario et al.,
2004

Transcription factors
Svenningsson
c-fos and c-jun
Unilaterally 6OHDAIncreased mRNA
Components of the
et al., 2002
lesioned common
expression in
AP-1 transcription
marmosets and Spraguedopamine depleted
factor
Dawley rats treated with
hemisphere with
DOPA (compared with
both acute and
vehicle treated animals)
chronic treatment
6OHDA – 6-hydroxydopamine; AP-1 – activator protein-1; CSF – cerebrospinal fluid; H2O2 – hydrogen
peroxide; Hsp – heat shock protein; NQO – NAD(P)H:quinone oxidoreductase; TCP – T-complex protein;
SOD – superoxide dismutase;

The current knowledge, however, is mainly limited to studies using PD animal models, the
most common being 6OHDA-lesioned animals, or post-mortem Parkinson’s tissue, and within
these studies, the main focus is on various sites within the brain. Therefore, little information
is available relating to the effects of PB-DOPA on gene and protein expression under normal
conditions or during oxidative stress, and in areas outside of the brain, indicating that more
research is needed to fully understand the effect of PB-DOPA on gene and protein expression.
Regardless of this, the current experimental evidence does suggest that the introduction of
free DOPA into a biological system can result in an enhancement of cellular antioxidant
defences.

Of particular interest within these expressional changes is that of NAD(P)H:quinone
oxidoreductase (NQO), or DT-diaphorase, a flavoenzyme involved in the reduction of
quinones, including those formed during the autoxidation of DOPA (Ernster, 1967; Drukarch
et al., 2001). The quinones are converted into less toxic, more stable hydroquinones that are
then further broken down or removed from the cell. This provides clear evidence that free and
PB-DOPA can up-regulate defences that specifically target stress or damage caused by the

33

Chapter 1: Literature Review
presence of PB-DOPA. A second example is the regulation of bilirubin, an antioxidant known
to be up-regulated by DOPA (Scigliano et al., 1997) that has been shown to inhibit free
DOPA-induced DNA cleavage in vitro (Asad et al., 2000). Thus, free and PB-DOPA appear
to be capable of inducing protective effects that are able to counteract any potential toxicity. It
is also hypothesised that the same may be the case for antioxidant defences that are targeted
against protein oxidation.

1.5.4.1. Enhancement of Defences Targeted Against Protein Oxidation
In addition to the up-regulation of general antioxidant defences, it is proposed that PB-DOPA
regulates secondary proteolytic defences against oxidative damage. It might be predicted that
very low levels of the sensor PB-DOPA, corresponding to oxidative stress, would be
associated with direct activation of pre-existing antioxidant systems and with the subsequent
induction of further systems involved in general antioxidant defences. But at higher levels of
PB-DOPA, corresponding to conditions of high oxidative damage, a necessary response
would be an enhancement of the proteolytic system to remove the accumulated damaged
proteins.

Reactive species and oxidative damage can up-regulate a number of genes and proteins
involved in the repair or removal of oxidatively damaged proteins. For example, oxidative
protein modification and subsequent unfolding can cause an up-regulation of chaperone
activity (McDuffee et al., 1997). The presence of free DOPA, under conditions in which
PB-DOPA would be generated, has been shown to regulate both proteasomal and lysosomal
proteases (see Table 1.3), suggesting a potential role for PB-DOPA in the regulation of
antioxidant defences targeted at the removal of oxidised proteins. In addition to the regulation
of proteolytic proteins, it is hypothesised that PB-DOPA may regulate the expression or
activity of proteins involved in the chaperone system, a key defence against protein oxidation.
Some evidence suggests a direct chaperone-like activity for DOPA, for example free DOPA
in the presence of tyrosine can stabilise partially unfolded tyrosinase (Halaban et al., 2001),
however this is likely to be a limited function with very few target proteins. A more probable
role for PB-DOPA is in the up-regulation of components of the chaperone system, either at
the gene or protein level. Indeed, free DOPA, under conditions in which PB-DOPA would be
generated, has been shown to up-regulate the expression of chaperones and chaperone
co-factors (see Table 1.3).
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When protein oxidation occurs at a greater rate than its degradation, protein aggregation can
result. There is some evidence in the current literature that points to a role for free and
PB-DOPA in the regulation of protein aggregation. For example, free DOPA, and other
similar catecholamines, have been shown to inhibit in vitro formation of amyloid fibrils of Aβ
and α-synuclein (α-syn), proteins known to form aggregates in a number of neurodegenerative
diseases (Li et al., 2004a). Inhibition involved covalent modification of the protein, resulting
in the formation of soluble oligomeric species. It was the products of catecholamine oxidation,
however, that were identified to be the major active species. In addition, catecholamines,
including free DOPA, were able to disaggregate existing Aβ and α-syn fibrils in both cell free
and tissue samples (Li et al., 2004a). An in vivo study, however, has shown that increased free
DOPA levels failed to inhibit α-syn aggregation (Mazzulli et al., 2006), suggesting that
dopamine, being able to undergo autoxidation more rapidly at physiological pH, would have a
greater inhibitory effect than DOPA.

In contrast, recent evidence has shown that incorporation of DOPA into protein can lead to
the generation of SDS-stable high molecular weight protein aggregates and fluorescent
pigments associated with protein aggregation (Dunlop et al., 2008). Aggregation was detected
following exposure of J774 cells to either high concentrations or longer exposures to lower
concentrations of free DOPA, suggesting that high levels of incorporated DOPA were needed
for aggregation to occur, thus implicating PB-DOPA. This is consistent with evidence
suggesting that proteins containing high levels of PB-DOPA are degraded less efficiently than
proteins containing low levels of PB-DOPA or un-modified proteins (Rodgers et al., 2002;
Rodgers et al., 2004). Further evidence supporting a link between DOPA and protein
aggregation includes the induction of ubiquitin polymerisation by free DOPA in vitro and an
enhanced aggregate formation under proteasome inhibition (Yoshimoto et al., 2005), and
CuZn-SOD aggregation induced by oxidised free DOPA, a process involving the production
of free radicals (Kang, 2004).

So, whilst there is clearly some evidence linking PB-DOPA and its oxidative products to
protein aggregation, the precise action and scope remains poorly understood. Furthermore, the
importance of DOPA incorporation remains to be determined, although evidence would
suggest a role for PB-DOPA in the enhancement of protein aggregation, rather than an
inhibition.
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From the above discussion, it appears probable that PB-DOPA is capable of regulating certain
components of the cellular antioxidant defence system, with the potential to enhance overall
antioxidant capacity. Furthermore, PB-DOPA appears to be involved in triggering a
secondary response targeted against protein oxidation, enabling enhanced removal of
oxidatively damaged proteins. The following sections will illustrate some possible
mechanisms by which free or PB-DOPA could be involved in the regulation of gene or
protein expression, with detailed hypotheses on how some of these mechanisms might work.
Aspects of these hypotheses will be tested experimentally in later chapters.

1.5.4.2. Activation of Transcription Factors by PB-DOPA
The regulation of gene expression, including that induced by oxidative stress, is often
mediated through the activity of transcription factors. Several transcription factors are known
to be redox regulated, two of the most widely examined being nuclear factor kappa enhanced
binding protein (NFκB) and activator protein-1 (AP-1) (Kamata and Hirata, 1999; Zhou et al.,
2001). Activation of these factors results in an up-regulation of the expression of genes
involved in the oxidative stress response, enhancing the cell’s capacity to overcome the
initiating oxidative stress. Two main levels of regulation are involved in transcription factor
activation, the expression of components required for the formation of these factors and the
induction of activity. Whilst various signalling pathways are important in the regulation of
transcription factor activity (reviewed in Martindale and Holbrook, 2002), a number of
reductants can directly activate certain transcription factors. For example, reductants, such as
dithiothreitol (DTT) and β-mercaptoethanol, can enhance the DNA binding capacity of NFκB,
a process that is mediated through reaction with key cysteine residues (Toledano and Leonard,
1991; Hayashi et al., 1993).

It is hypothesised that PB-DOPA is amongst the signals that can regulate the activity of
relevant transcription factors, and hence the pathways they control within the antioxidant
defence system. In support of this hypothesis, free DOPA, under conditions in which
PB-DOPA would be generated, has been shown to induce the expression of a number of
transcription factors including the immediate early gene (IEG) families Fos and Jun
(Svenningsson et al., 2002), involved in the formation of the AP-1 transcription factor, nerve
growth factor inducible-B (NGFIB) (St-Hilaire et al., 2003) and cAMP response element
binding protein (CREB) (Kashihara et al., 1995). Furthermore, the reducing ability of
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PB-DOPA may allow it to be involved in a more direct activation of transcription factors,
however this has not yet been demonstrated. This hypothesis will be discussed in more detail
in the following paragraphs and will be tested experimentally in chapter 6 of this thesis.

One key mammalian transcription factor involved in the regulation of antioxidant defences is
AP-1, a factor that consists mainly of Fos and Jun homo- or hetero-dimers (Angel and Karin,
1991). A number of studies have shown that both acute and chronic administration of free
DOPA, presumably resulting in the generation of PB-DOPA, induces the up-regulation of the
IEG families Fos and Jun (Cole et al., 1993; Svenningsson et al., 2002). Whilst the expression
and function of these genes is relatively complex, in general the IEGs form part of a common
cellular mechanism that acts to alter gene expression in response to changes in the external
environment (reviewed in Angel and Karin, 1991; Curran and Morgan, 1995; Chinenov and
Kerppola, 2001). Expression is affected through the interaction of AP-1 with AP-1 DNA
sequence elements, known as 12-O-tetradecanoylphorbol 13-acetate (TRA)-response
elements (TRE), present in the promoter or enhancer regions of various mammalian genes
(Angel et al., 1987). Through the control of gene expression, AP-1 regulates various processes,
including cell growth, proliferation, differentiation, induction of apoptosis and oncogenesis
(Angel and Karin, 1991).

Up-regulation of Fos/Jun expression by DOPA appears to be dependent on the level of
dopamine present, with at least a moderate depletion of dopamine necessary for DOPA to
have an effect (Cole et al., 1993). These proteins are expressed in a variety of cell types and
tissues (Curran and Morgan, 1995), however the majority of studies have restricted the
examination of the effect of DOPA on Fos/Jun expression to areas within the brain. It would
therefore be of interest to examine the effects of DOPA on areas outside of the brain, in
particular those which constitutively produce a low level of dopamine, in order to understand
the broader effects of DOPA on these transcription factor components and the subsequent
consequences.

In addition to regulation through control of the expression of AP-1 components, the activity
of AP-1 can be directly regulated by redox reactions. The AP-1 DNA-binding domain
contains conserved cysteine residues that react with various reductants, such as DTT, to
enhance DNA binding (Abate et al., 1990), and AP-1 activity has been shown to be induced
by oxidative stress, including hydrogen peroxide, UV irradiation and ionising radiation
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(Galter et al., 1994). The redox activity of PB-DOPA suggests that this may be another
mechanism by which PB-DOPA regulates gene expression. It is therefore hypothesised that
PB-DOPA can induce the activation of AP-1 through induction of Fos and Jun family gene
and protein expression; direct or indirect, via the generation of ROS, activation of signalling
pathways through redox regulation; or through the reduction of key cysteine residues in the
DNA-binding domain. Through these mechanisms, PB-DOPA could trigger an enhancement
of a number of processes involved in antioxidant defence (see Figure 1.3).

PB-DOPA
ROS
Reduction of
cysteine residues

Redox activation
of signalling
proteins

Increased protein
expression

Fos and Jun
Family Proteins

AP-1
CYTOPLASM
NUCLEUS

Transcriptional Activation
TRE

Cytokines/Chemokines
Adhesion molecules
Transcription factors
Early response genes
Signalling molecules
Growth factors
Chaperones
Apoptosis proteins

Figure 1.3: Proposed pathway of PB-DOPA induced activation of AP-1.
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NFκB transcription factors, a group of proteins that interact together to form functional
dimers, are also important for the regulation of antioxidant defences. In non-stimulated cells,
NFκB exists in an inactive form within the cytsol, bound to inhibitory IκB proteins (Baeuerle
and Baltimore, 1988). NFκB is activated by a broad range of stimuli, including bacteria,
viruses, cytokines, UV irradiation, chemical agents and a number of intracellular components
(Pahl, 1999). The role of oxidative stress in NFκB activation is also well documented (Galter
et al., 1994). Once stimulated, NFκB dissociates from IκB and translocates to the nucleus,
where it binds to κB sites on DNA, resulting in the regulation of a wide range of genes. For
example, NFκB is known to regulate the expression of cytokines, chemokines,
immunoreceptors, cell adhesion molecules, regulators of apoptosis, various enzymes,
receptors, growth factors and transcription factors. These work together to regulate a general
cellular stress response, immune modulation and enhanced cell survival (Pahl, 1999).

Whilst there is no direct evidence of PB-DOPA induced expressional regulation of NFκB, this
remains a potential mechanism by which PB-DOPA could function as a signalling molecule.
However, a more likely role for PB-DOPA in the activation of NFκB is through a direct
induction of activity. NFκB must be in a reduced form to exhibit DNA binding and almost
every step of the NFκB signaling cascade involves redox-sensitive proteins (Flohe et al., 1997;
Janssen-Heininger et al., 2000). Reactions with reducing agents are, therefore, essential for
the activation of NFκB (Toledano and Leonard, 1991; Hayashi et al., 1993). More specifically,
injection of the structurally related compound dopamine into rats is associated with the
induction of NFκB, and also AP-1 (Luo et al., 1999). Whether PB-DOPA also has this
function has not been properly addressed, however it was also demonstrated that the
antioxidant GSH protects cells from this induction, suggesting a role for a redox step.
Therefore, it is hypothesised that PB-DOPA may induce the activation of NFκB by enhancing
the expression of various NFκB components or through direct or indirect redox regulation of
signalling proteins, resulting in an enhanced expression of genes regulated by NFκB
(Figure 1.4).

1.5.4.3. Activation of the Electrophile Response Element by PB-DOPA
In addition to regulation by specific transcription factors, the expression of various genes
involved in the antioxidant defence system is controlled by activation of the antioxidant or
electrophile response element (ARE/EpRE), which will be termed EpRE hereafter. This
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PB-DOPA
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Redox activation of
signalling proteins

Increased protein
expression

IκB
NFκB
IκB Kinase
Phosphorylation

CYTOPLASM
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of IκB by
ubiquitinmediated
proteolysis

NUCLEUS

Transcriptional Activation
κB

Immunoreceptors
Cytokines/Chemokines
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Stress response genes
Cell surface receptors
Growth factors
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General stress response
Immune modulation
Cell survival

Figure 1.4: Proposed pathway of PB-DOPA induced activation of NFκB.

cis-acting enhancer DNA sequence is located in the promoter region of many antioxidant
genes and mediates their transcription. These genes encode proteins that help to control the
cellular redox status and defend against oxidative stress, such as enzymes associated with
glutathione synthesis, redox proteins with active sulfhydryl moieties, antioxidant enzymes and
drug metabolising enzymes (reviewed in Prestera and Talalay, 1995; Nguyen et al., 2003). It
is hypothesised that the EpRE is an important mechanism by which PB-DOPA signals an
enhancement of cellular antioxidant defences.

Supporting a role for PB-DOPA in the activation of EpRE, studies have shown that free
DOPA, under conditions known to generate PB-DOPA, can induce the expression of NQO
(van Muiswinkel et al., 2000), an enzyme involved in the reduction of potentially damaging
quinones. The gene encoding NQO, NQO1, is known to contain an EpRE in its promoter
region (Favreau and Pickett, 1991), suggesting that PB-DOPA induced gene expression may
be mediated, at least in part, by the activation of EpRE. Furthermore, 6OHDA, a compound
similar in structure to DOPA, has been shown to directly activate EpRE, both in vitro and
in vivo (Jakel et al., 2005), suggesting that PB-DOPA may also be able to function in this way.
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EpRE are responsive to a wide range of oxidants and electrophiles, including phenolic
antioxidants, large planar compounds such as flavonoids, thiol containing compounds, heavy
metals and heme complexes. It is still unknown which transcription factors are involved in
mediating the EpRE response, however it is thought that AP-1 and nuclear factor-erythroid
2 related factor 2 (Nrf2) may activate the EpRE, whilst small Maf proteins may be involved in
repressing the EpRE (reviewed in Nguyen et al., 2003).
Up-regulation of transcription factors known to induce gene expression through the EpRE
may be one mechanism by which PB-DOPA is involved. As described earlier, free DOPA,
and also potentially PB-DOPA, may induce the expression of the genes involved in AP-1
formation (Kashihara et al., 1995), suggesting that PB-DOPA could activate EpRE by
enhancing the expression of AP-1. The effect of free or PB-DOPA on Nrf2 expression has not
been studied, however the up-regulation of this transcription factor remains a possible
mechanism by which PB-DOPA could be involved in EpRE activation. In contrast to an
up-regulation of activating factors, PB-DOPA could be involved in the regulation of
inhibitors or repressors of the EpRE, such as the small Maf proteins, providing an alternative
mechanism by which PB-DOPA could induce EpRE regulated antioxidant expression. More
research will be needed in order to firstly improve the understanding of the regulatory
processes involved in the activation of the EpRE and secondly to investigate the role
PB-DOPA may play in this.
Several signalling pathways are known to be involved in the regulation of EpRE, including
the mitogen activated protein kinase (MAPK), phosphatidylinositol-3-kinase (PI3K) and
protein kinase C pathways. The nature of the inducing agent, cell type and context of the
EpRE in the gene all appear to determine which signalling pathways are involved, however it
is likely that multiple pathways play a role in EpRE regulation (reviewed in Nguyen et al.,
2003). Direct activation of signalling molecules may be another mechanism by which
PB-DOPA could be involved in EpRE regulated gene expression. In addition, administration
of free DOPA to 6OHDA lesioned rats has been shown to induce the expression of various
signalling molecules (Ferrario et al., 2004), some of which are thought to be involved in
pathways leading to EpRE activation. This evidence supports a role for PB-DOPA in the
activation of signalling pathways which cause gene regulation via the EpRE.
Sulfhydryl group chemistry may also be important in EpRE regulation. Most compounds
known to activate EpRE can give rise to thiol-reactive compounds. This suggests that EpRE
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activation involves an intracellular redox sensor that possesses reactive cysteine residues that
are sensitive to modification (Ferrario et al., 2004). A good example of such a compound is
the Keap 1 protein, a cytoplasmic effector for Nrf2 that maintains it in an inactive form in the
cytoplasm (Itoh et al., 1999). Keap 1 contains a number of potential reactive cysteine residues
that can be modified during oxidative stress, resulting in the release of Nrf2, allowing it to
translocate into the nucleus to activate EpRE (Itoh et al., 1999). Compounds that are thiol
reactive, such as catechols, which likely function via the formation of quinones, have been
shown to promote the dissociation of Nrf2 from Keap 1 (Lee et al., 2003). PB-DOPA, being a
catechol-quinone, may therefore also be capable of promoting dissociation of Nrf2 from
Keap1, thus providing another potential mechanism for activation of EpRE.

So, whilst there is no direct evidence that PB-DOPA is involved in activating EpRE, it is
hypothesised that this may be an important mechanism by which PB-DOPA could function as
a signal to trigger an enhancement of the antioxidant defence system. Specifically, PB-DOPA
could activate the EpRE through the regulation of transcription factors, including AP-1 and
Nrf2; through the activation of signalling proteins, either directly or indirectly; or through
involvement in sulfhydryl reactions (see Figure 1.5).
PB-DOPA
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Redox activation
of signalling
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reactions
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Figure 1.5: Proposed pathway of PB-DOPA induced activation of EpRE.
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1.6. THERAPEUTIC IMPLICATIONS
Much research will be required to confirm the hypothesis presented above, the initial stages of
which will be presented in this thesis. Certain criteria will need to be met in order to establish
a role for PB-DOPA, rather than free DOPA, in the signalling of antioxidant defences. For
example, the response must occur both in vitro and in vivo when protein oxidation or
incorporation of free DOPA generates appropriate levels of PB-DOPA, however should not
occur when the generation of PB-DOPA is limited, such as when protein synthesis is inhibited
during supply of free DOPA. The response should also be seen in a cell-free reconstituted
signalling system when PB-DOPA is supplied, but not when free DOPA is supplied or when
PB-DOPA is derivatised, for example by ethylene diamine. In addition, the response would
need to be observable in PD patients during DOPA therapy, although it will be important to
distinguish between the responses that depend on incorporation of DOPA into protein and
those that depend on the formation of dopamine or other biosynthetic pathways.

If the hypothesis is confirmed, PB-DOPA could be a useful therapeutic for diseases that
involve oxidative stress, such as atherosclerosis and neurodegenerative disorders. The
therapeutic supply of free DOPA is well established through its use as a treatment for PD, and
as discussed above, evidence strongly supports a lack of toxicity in vivo. The delivery of
PB-DOPA would be relatively difficult, although the delivery of peptide-DOPA may be
feasible as cell permeable peptides have been devised. As such, the most likely therapeutic
approach would be to use free DOPA, from which the generation of PB-DOPA by protein
synthesis would result in a generalised enhancement of cellular antioxidant defences. Whilst
this approach may be suited to some conditions of oxidative stress, others may require a more
targeted delivery.

A number of factors would need to be considered in order to make this an effective
therapeutic approach. For example, when generated via incorporation of free DOPA, the dose
response and free DOPA metabolism would be particularly important, as the extent of
PB-DOPA generation would be limited by the rapid metabolism of free DOPA. On the other
hand, if the level of PB-DOPA generation was too high, proteins with decreased susceptibility
to proteolysis may be generated, resulting in a situation in which the signal emitted by
PB-DOPA could not be switched off. Based on the current knowledge of in vivo PB-DOPA
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generation (Rodgers et al., 2006), the chance of this occurring is very low. However, all of
this depends firstly on the establishment of a signalling role for PB-DOPA.

1.7. CONCLUSION AND PROJECT OBJECTIVES
The main objective of this project was to examine the effect of PB-DOPA on the cellular
antioxidant defence system. As an initial and commonly formed product of protein oxidation,
it is hypothesised that PB-DOPA can function as a redox signalling molecule, triggering an
activation of cellular defences against oxidative stress, with a potentially specific effect on
those defences targeted against protein oxidation.

As this thesis will be limited to studies involving peroxyl radical generation, in the following
thesis, the expressions ‘radical’, ‘oxidative stress’ and ‘radical scavenging’ are, unless
otherwise stated, confined to that of peroxyl radicals.

Specifically, the aims of this project were:

1. To determine if free DOPA is incorporated into monocytic and macrophage-like
cellular protein under the conditions used throughout this project.
2. To determine if free or PB-DOPA are toxic to monocytic or macrophage-like cell lines
in vitro.
3. To determine if free or PB-DOPA can protect monocytic or macrophage-like cells
from AAPH-induced oxidative stress and to investigate the radical scavenging ability
of free DOPA.
4. To determine the effect of a combination of free and PB-DOPA on the cellular
antioxidant defence system, including those defences targeted against protein
oxidation.
5. To investigate the potential for free and PB-DOPA to function as a signalling
molecule by measuring their effect on the nuclear translocation and DNA binding
capacity of Nrf2, AP-1 and NFκB, three transcription factors thought to be involved in
antioxidant defences.
6. To investigate the effect of free and PB-DOPA on protein expression, focusing on
those changes that may be due to enhanced generation of PB-DOPA.
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This chapter will outline the general materials and methods used throughout this project.
Modifications of these methods and other specific protocols will be detailed in the individual
chapters.

2.1. MATERIALS
Cell culture medium and reagents were obtained from GibcoTM, Invitrogen (Carlsbad, CA,
USA), except for foetal bovine serum which was from Cambrex (Walkersville, MD, USA).
Antimycotic-Antibiotic solution (GibcoTM), contained 10 000 units penicillin, 10 000 µg
streptomycin and 25 µg amphotericin B per mL. Unless otherwise stated, electrophoresis and
semi-dry transfer reagents were obtained from Bio-Rad Laboratories (Hercules, CA, USA).
Bromophenol blue, Coomassie brilliant blue R250, glacial acetic acid, glycine, methanol,
sodium chloride and Tris(hydroxymethyl)aminomethane (Tris-base) were from Ajax
Finechem (Sydney, Australia); acrylamide/Bis, phosphate buffered saline (PBS) tablets,
TEMED and Tris-hydrochloride (Tris-HCl) were from Amresco (Solon, Ohio, USA);
hydrochloric acid was from Asia Pacific Specialty Chemicals Limited (Sydney, Australia);
β-mercaptoethanol, glycerol and trichloroacetic acid (TCA) were from BDH Laboratory
Supplies (Poole, UK); and bovine serum albumin (BSA), nicotinamide adenine dinucleotide
(NADH), phorbol 12-myristate 13-acetate (PMA), pyruvic acid and Trypan blue were from
Sigma (St. Louis, MO, USA).

2.2. CELL CULTURE
The majority of cellular experiments were carried out using the human monocytic cell line,
THP-1 (Tsuchiya et al., 1980), kindly donated by Dr Ken Rodgers (Heart Research Institute,
Sydney, Australia). The human monocytic cell line, U937 (Sundstrom and Nilsson, 1976),
and the mouse macrophage-like cell line, RAW264.7 (Raschke et al., 1978), kindly donated
by Ass. Prof. Suresh Mahalingam and Dr Brett Lidbury (Centre for Biomolecular and
Chemical Sciences, University of Canberra, Canberra, Australia), were also used. These cell
lines were chosen for their relevance to atherosclerosis, due to the involvement of similar cells
in plaque formation.
Cells were maintained in RPMI 1640 medium containing GlutaMAXTM-1 and 25 mM HEPES
buffer, supplemented with 10% (v/v) heat-inactivated foetal bovine serum (HI-FBS) and
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1% (v/v) Antibiotic-Antimycotic, at 37 ºC, 5% CO2, in a humidified incubator. Suspension
cells, THP-1 and U937, were routinely passaged every 3-4 days, seeded at a density of
2 x 105 cells/mL in fresh culture medium. Adherent RAW264.7 cells were routinely passaged
when cultures reached confluence, seeded at 2 x 105 cells/mL in fresh culture medium, using
0.05% (w/v) trypsin, 0.53 mM ethylenediaminetetraacetic acid (EDTA), to dissociate cells
from the culture flask. For experiments, cells were seeded at 1.2 x 106 cells/mL in fresh
culture medium and incubated overnight before treatment was applied.

2.2.1. THP-1 Cell Differentiation
For some experiments, THP-1 monocytes were differentiated with 50 ng/mL PMA, a process
that converted the suspension monocytes into adherent macrophage-like cells. Cells were
incubated at 37 ºC, 5% CO2, for 72 hours to allow complete differentiation. Culture medium
was replaced with fresh medium containing 50 ng/mL PMA before treatment was
administered.

2.2.2. Cell Banking and Thawing
Frozen cell stocks were made for each cell line and stored at either -80 oC or in liquid nitrogen.
Cells were suspended at 1 x 107 cells/mL, in GibcoTM freezing medium and 2 mL aliquots
frozen slowly (approximately -1 ºC per minute) in a Cryo 1 ºC freezing container (NalgeneTM,
Rochester, NY, USA).

When cell morphology changed, as judged by light microscopy, frozen cell stocks were
retrieved from storage, thawed rapidly in a 37 oC water bath and added to 10 mL fresh culture
medium. The suspension was centrifuged (700 x g, 10 min, 4 ºC) and pellet resuspended in
10 mL fresh culture medium. Culture was placed into a 25 cm2 flask and medium changed
daily until cells began to divide. Cultures were then maintained and passaged as normal.

2.2.3. Trypan Blue Exclusion Assay
For routine cell culture, cell concentration and viability were determined using trypan blue
exclusion. Non-viable cells, or cells with compromised membranes, are unable to exclude the
dye from their cytoplasm and therefore appear blue. Trypan blue was diluted by mixing
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200 µL 0.2% (w/v) Trypan blue in distilled water with 50 µL 4.25% (w/v) NaCl in distilled
water. Dilute trypan blue and cell culture were mixed in a 1:1 ratio and placed onto a
haemocytometer. Cells were examined under a microscope and the number of non-stained
(viable) and blue (non-viable) cells in each chamber counted.

Average cell concentration was determined using the following equation:

x Dilution factor (2)
Cell concentration (cells/mL) = Average number of cells counted
Volume counted (1 x 10-4 mL)

Cell viability was determined from the ratio of viable and non-viable cells according to the
following equation:

% Viable cells = Average viable cells x 100
Average total cells

2.2.4. Lactate Dehydrogenase (LDH) Release Assay
For more specific experiments, cell viability was determined using an LDH release assay, in
which the level of LDH activity in the culture medium is compared to that in the cell lysate.
This assay is based on the principle that LDH, a cytoplasmic enzyme, is released into the
culture medium when the integrity of the cell membrane becomes compromised, such as
occurs during cell death.

Following treatment of cells, culture medium was collected by centrifugation (700 x g, 10 min,
4 ºC) and cells lysed on ice in an equivalent volume of ice-cold water. Enzymatic activity was
measured by adding 10 µL medium or cell lysate to 200 µL assay reagent (2.5 mM pyruvic
acid, 0.15 mg/mL NADH in PBS) and measuring the absorbance at 340 nm every minute for
30 minutes, using a Benchmark Plus microplate spectrophotometer (Bio-Rad). Water and
medium blanks were used to correct for background activity. Cell viability was expressed as
the percentage of LDH activity in the cell lysate compared to the total LDH activity. Total
activity was monitored to ensure all cultures being compared had an equivalent level of
activity, to be certain that each experiment was statistically valid.
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2.3. PROTEIN ANALYSIS
2.3.1. Micro Bicinchoninic Acid (BCA)TM Protein Assay
Protein concentration was measured using the Micro BCATM Protein Assay (Pierce, Rockford,
IL, USA), carried out according to the manufacturers instructions. Briefly, 100 µL aliquots of
bovine serum albumin standards and diluted samples were placed into a 96 well plate and
100 µL BCA reagent added. Plates were incubated at 60 ºC for one hour before absorbance at
595 nm was measured using a Benchmark Plus microplate spectrophotometer (Bio-Rad).
Standards and sample dilutions were carried out in the specific experiment sample buffer.
Measurements that fell in the linear section of the standard curve were used to determine
sample protein concentration.

2.3.2. Turbidimetric Protein Assay
For more concentrated samples, protein concentration was measured using a turbidimetric
protein assay. 35 µL aliquots of BSA standards and diluted samples were placed into a
96 well plate and 100 µL (0.1 M) hydrochloric acid in distilled water added. The plate was
shaken for one minute at room temperature before 25 µL 20% (w/v) TCA in distilled water
was added to precipitate the protein. The plate was incubated at room temperature for five
minutes before absorbance at 695 nm was measured using a Benchmark Plus microplate
spectrophotometer (Bio-Rad). Standards and sample dilutions were carried out in the specific
experiment sample buffer. Protein concentration was determined using a quadratic standard
curve.

2.3.3. One Dimensional Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)
SDS-PAGE was used to separate cell lysate for detailed protein analysis. Following treatment,
cultures were harvested by centrifugation (700 x g, 10 min, 4 ºC) and cell pellets washed three
times with PBS. Cells were lysed in 0.1% (v/v) Triton X-100 in distilled water and protein
concentration measured using the Micro BCATM protein assay (see section 2.3.1.). Protein
samples were mixed with equivalent volumes of SDS reducing buffer (125 µL 0.5 M TrisHCl, 100 µL glycerol, 200 µL 10% (w/v) SDS, 50 µL 0.5% (w/v) bromophenol blue, 50 µL
β-mercaptoethanol, 475 µL distilled water) and boiled for five minutes to denature.
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SDS-polyacrylamide gels were made according to the recipe given in Table 2.1, using
12% (w/v) polyacrylamide for separating and 4% (w/v) for stacking gels. A ten well comb
was placed into the stacking gel to allow for the formation of sample wells. Once the gels
were set, they were loaded into a Mini Protean® II electrophoresis tank (Bio-Rad) and tank
filled with running buffer (25 mM Tris-base, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3 in
distilled water). Samples (up to 20 µL per well) and low molecular weight markers (7 µL per
well), using either Low Molecular Weight Calibration kit (Amersham Biosciences,
Buckinghamshire, UK) or SeeBlueTM Plus 2 pre-stained standards (NOVEX Electrophoresis,
San Diego, CA, USA), were loaded into the wells and the gel electrophoresed at 80 V until
samples had moved out of the wells, followed by 200 V until the dye front had reached the
bottom of the gel. Gels were then removed for staining or transfer to a membrane.

Table 2.1: SDS-PAGE gel preparation. Recipe for the preparation of 12% (w/v) polyacrylamide gels,
containing a 4% (w/v) stacking gel. Volumes indicated are sufficient to make two 10 cm2 gels.
Solution
Distilled water
1.5 M Tris-HCl, pH 8.8
0.5 M Tris-HCl, pH 6.8
30% (v/v) Acrylamide/Bis 37:5:1
10% (w/v) SDS
TEMED
10% (w/v) Ammonium persulfate

12% Separating Gel
3.05 mL
1.25 mL
0.65 mL
50 µL
25 µL
5 µL

4% Stacking Gel
3.35 mL
2.50 mL
4.00 mL
100 µL
50 µL
5 µL

2.3.4. Protein Detection
For general protein detection, SDS-PAGE gels were stained with Coomassie blue stain.
Following electrophoresis, gels were soaked in 45% (v/v) methanol, 10% (v/v) glacial acetic
acid, 0.1% (w/v) Coomassie brilliant blue R250 in distilled water and left to stain overnight.
Gels were then destained with 40% (v/v) methanol, 10% (v/v) glacial acetic acid in distilled
water until clear protein bands were detected.

For more sensitive detection, SDS-PAGE gels were stained with colloidal Coomassie blue
stain. Following electrophoresis, gels were soaked in 34% (v/v) methanol, 17% (w/v)
ammonium sulfate, 3% (w/v) phosphoric acid, 0.1% (w/v) Coomassie brilliant blue G250 in
distilled water and left to stain overnight. Gels were then destained with distilled water, until
clear protein bands were detected.
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Gels were scanned using an EpsonTWAIN scanner and then soaked in 40% (v/v) methanol,
10% (v/v) glacial acetic acid, 3% (v/v) glycerol in distilled water, for 10 minutes before being
dried between sheets of cellophane.

2.3.5. Semi-Dry Protein Transfer
Proteins were transferred from SDS-PAGE gels to Immun-BlotTM polyvinylidene fluoride
(PVDF) membranes using semi-dry transfer. Membranes were prepared by soaking in
100% (v/v) methanol for one minute, water for two minutes and Tris-glycine buffer (0.2 M
glycine, 25 mM Tris-base, pH 8.8) for five minutes. Transfer sandwiches, made up of nine
sheets of damp (Tris-glycine buffer) blotting paper, electrophoresis gel, PVDF membrane and
nine more sheets of damp blotting paper, were set up on a 2117 Multiphor II electrophoresis
unit (Amersham Pharmacia Biotech, Uppsala, Sweeden). Proteins were transferred using a
current based on gel size, according to the following equation:

0.8 mA x Area of gel (cm2)

Following transfer for 70 minutes, PVDF membrane was washed in distilled water for five
minutes before specific protein staining.

2.4. STATISTICAL ANALYSIS
Unless otherwise stated, experiments were carried out in triplicate and data presented as
mean ± standard deviation. Statistical analysis was carried out using GraphPad Prism®
software, version 4.02. Data were compared using either a one-way or two-way ANOVA
followed by a post-hoc Tukey’s or Bonferroni test, depending on the specifics of the
experiment, as specified in the following chapters. A p value of < 0.05 (two-tailed) was
considered statistically significant.
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3.1. INTRODUCTION
PB-DOPA, is a well characterised reducing agent (Gieseg et al., 1993) and, like its free amino
acid form, is capable of acting as either a pro- or anti-oxidant (for review see Rodgers and
Dean, 2000; Pattison et al., 2002), making it a potential contributor to oxidative events due to
its redox activity (Morin et al., 1998), and a potential antioxidant by virtue of its metal
binding capacity (Exner et al., 2003). As a result of such contrasting reactions, the precise
activity of free DOPA within a physiological system has been the subject of much debate,
with many studies demonstrating either a toxic, non-toxic or even beneficial effect following
exposure of cell culture, animal models or Parkinson’s patients to DOPA (see section 1.3.5.
for a full discussion). Despite such extensive research into the effects of free DOPA, little
research has investigated the physiological effects of PB-DOPA.

In this thesis, it is hypothesised that under physiological conditions, when little redox active
transition metal is available, PB-DOPA is not toxic, but rather may function as a signalling
molecule, triggering an enhancement of the cellular antioxidant defence system. Whilst the
occurrence of adverse side effects following long-term free DOPA administration to
Parkinson’s patients (Marsden and Parkes, 1976; Katzenschlager and Lees, 2002) and some in
vitro studies have supported the idea that DOPA may be toxic, in vivo studies have failed to
detect DOPA-induced toxicity (Murer et al., 1998; Datla et al., 2001; Lyras et al., 2002). The
most recent advances in this area are providing more convincing evidence that DOPA is not
damaging under physiological conditions (for example see Bilbao et al., 2006; Stefanova et al.,
2007).

The majority of studies investigating the potential toxicity of DOPA have examined the effect
of administering free DOPA to the experimental system, however studies have indicated that
free DOPA is readily incorporated into protein during protein synthesis, resulting in the
formation of PB-DOPA. This has been demonstrated using in vitro cell cultures (Rodgers et
al., 2002; Rodgers et al., 2004) and has also been identified in Parkinson’s patients following
DOPA administration (Rodgers et al., 2006), suggesting that experiments involving the
administration of free DOPA, both in vitro and in vivo, would reflect the activity of a
combination of free and PB-DOPA.
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In vitro investigation of DOPA toxicity has been mainly limited to neuronal or other brainderived cells, with little investigation of the effect of DOPA on cells from other areas of the
body. PB-DOPA is present in a number of tissues outside of the brain (Ito et al., 1983) and,
more importantly, levels are known to be enhanced during some pathologies, including
atherosclerosis (Fu et al., 1998b) and cataract (Fu et al., 1998a). The effect of enhanced levels
of PB-DOPA on cells from areas outside of the brain is therefore of interest, particularly with
respect to cells involved in the initiation and progression of diseases linked to oxidative stress.

The aim of this chapter is to investigate the effect of free and PB-DOPA on monocytic and
macrophage-like cell lines, key cells involved in the formation of atherosclerotic plaques.
Firstly, this study will measure the incorporation of DOPA into THP-1 cellular protein, a
human monocytic cell line, to confirm that the conditions used throughout this thesis will
result in the generation of PB-DOPA. The combined and individual effect of free and PBDOPA on monocytic and macrophage-like cell viability will then be investigated to determine
if either form is toxic under the conditions used in this project.

3.2. MATERIALS AND METHODS
3.2.1. Materials
RPMI 1640 medium with L-alanyl-L-glutamine and 25 mM HEPES buffer, pH 7.4, deficient
in tyrosine or leucine, was specially made by JRH Biosciences (Lenexa, Kansas, USA). All
other cell culture reagents were obtained from GibcoTM, Invitrogen (Carlsbad, CA, USA). All
culture medium was supplemented with 10% (v/v) heat inactivated foetal bovine serum
(HI-FBS) (Cambrex, Walkersville, MD, USA) and 1% (v/v) Antibiotic-Antimycotic solution
(GibcoTM). Biodegradable counting scintillant (BSC) and radiolabelled amino acids were from
Amersham Biosciences (Buckinghamshire, UK). Specifically, L-3,4-dihydroxyphenyl[314

C]alanine (0.987 mM stock concentration; 50 µCi/mL radioactive concentration;

51.0 mCi/mmol specific activity) and L-[4,5-3H]leucine (0.015873 mM stock concentration;
1.0 mCi/mL radioactive concentration; 63 Ci/mmol specific activity) were used. Scintillation
counting was carried out in 20 mL Super polyethylene vials from PerkinElmer Life and
Analytical Sciences (Boston, MA, USA). Formic acid, glacial acetic acid, glycine and
methanol were obtained from Ajax Finechem (Sydney, Australia); phosphate buffererd saline
(PBS) tablets and potassium hydroxide were from Amresco (Solon, Ohio, USA);
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trichloroacetic acid (TCA) was from BDH Laboratory Supplies (Poole, UK); and amido black,
bovine serum albumin (BSA), cycloheximide, DOPA, nitroblue tetrazolium (NBT), phorbol
12-myristate 13-acetate (PMA), Triton X-100 and tyrosine were from Sigma (St. Louis, MO,
USA).

3.2.2. Cell Culture
THP-1, U937 and RAW246.7 cells were maintained in culture according to the protocol
described in section 2.2. For some experiments, THP-1 cells were differentiated with
50 ng/mL PMA, as described in section 2.2.1.

3.2.3. Determination of DOPA Incorporation by Redox-Cycling Staining
Non-differentiated THP-1 cells were washed three times with PBS, seeded at
1.2 x 106 cells/mL in tyrosine-free or normal RPMI 1640 medium and incubated overnight at
37 ºC, 5% CO2. Cultures were exposed to 100 µM DOPA, with or without the presence of
0.5 µg/mL cycloheximide, an inhibitor of protein synthesis, for 24 hours. Cells were
harvested by centrifugation (700 x g, 10 min, 4 ºC), washed three times with PBS and the
pelleted cells lysed with 0.1% (v/v) Triton X-100. Cell lysates were centrifuged (13 000 x g,
30 min, 4 ºC) to pellet cell debris and the supernatant stored at -20 ºC. A portion of
supernatant was reserved for protein concentration determination, using a Micro BCATM
protein assay (see section 2.3.1.).

Additional experiments were carried out using PMA-differentiated THP-1 cells. Following
72 hours of differentiation, the culture medium was removed, cells washed three times with
PBS and medium replaced with tyrosine-free or normal RPMI 1640 medium containing
50 ng/mL PMA. Cultures were then treated with DOPA and cycloheximide, incubated for
24 hours and harvested as described for the non-differentiated THP-1 cells.

Supernatants were thawed, resuspended in SDS-PAGE reducing buffer (see section 2.3.3.)
and boiled for five minutes. Samples (100 µg protein per lane) were loaded onto a 12% (w/v)
SDS-polyacrylamide gel, containing a 4% (w/v) stacking gel, and separated using SDS-PAGE,
as described in section 2.3.3. Following separation, proteins were transferred to a PVDF
membrane using semi-dry transfer, as described in section 2.3.5.
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PVDF membranes were stained using an NBT staining procedure that detects the presence of
DOPA and other related quinones (Paz et al., 1991). Following transfer, membranes were
washed with distilled water for five minutes and stained with 0.24 mM NBT in 2 M
potassium glycinate buffer, pH 10, for 30 minutes in the dark. Membranes were scanned
using an Epson Perfection 2450 Photo scanner (Long Beach, CA, USA) before being stripped
of colour with 100% methanol. Amido black staining solution (0.1% (w/v) in 40% (v/v)
methanol, 10% (v/v) glacial acetic acid; destained with 10% (v/v) methanol, 10% (v/v) glacial
acetic acid) was then used to stain for total protein, to ensure that all lanes contained
equivalent amounts.

3.2.4. Determination of DOPA Incorporation by Radioactive Tracking
Non-differentiated THP-1 cells were seeded at 1.2 x106 cells/mL in tyrosine-free or leucinefree RPMI culture medium and incubated overnight at 37 ºC, 5% CO2. Radioactive DOPA
(14C-DOPA) was added to the tyrosine-free cultures to a final concentration of 0.2 µCi/mL
and radioactive leucine (3H-Leu) was added to the leucine-free cultures to a final
concentration of 5 µCi/mL, with or without the presence of 0.5 µg/mL cycloheximide.
Cultures were incubated for 24 or 48 hours before harvesting. The effect of tyrosine on DOPA
incorporation was investigated in tyrosine-free culture medium by the addition of tyrosine and
non-radioactive DOPA at concentrations indicated in the results section.

Cells were harvested by centrifugation (700 x g, 10 min, 4 ºC), washed five times in PBS
containing 5 mM tyrosine and cell pellet lysed in an equivalent volume of 0.1% (v/v)
Triton X-100. Cell lysate (810 µL) was added to 180 µL ice cold 60% (w/v) TCA and 90 µL
ice cold 0.5 mg/mL BSA and incubated on ice for 30 minutes to precipitate TCA insoluble
protein. Protein was precipitated by centrifugation (13 000 x g, 20 min, 4 ºC) and washed
with 120 µL 10% (w/v) ice cold TCA. Supernatant and wash were combined and added to
9 mL BCS scintillation fluid to give the TCA soluble fraction. Pellets were resuspended
overnight in 500 µL 100% formic acid and added to 9 mL scintillation fluid to give the TCA
insoluble fraction. A medium fraction, containing 500 µL combined medium and initial
washes, was also added to 9 mL scintillation fluid. Radioactivity was counted on a TriCarb®
Liquid Scintillation Analyzer, 1600CA (Packard Instrument Company, Meriden, CT, USA).
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3.2.5. LDH Assay for the Determination of DOPA Toxicity
Cell viability was determined using a lactate dehydrogenase (LDH) release assay. THP-1,
RAW264.7 and U937 cells were seeded at 1.2 x 106 cells/mL in RPMI 1640 medium and
incubated overnight at 37 ºC, 5% CO2. Additionally, some THP-1 cells were differentiated
with 50 ng/mL PMA for 72 hours, before the medium was replaced with fresh RPMI 1640
containing 50 ng/mL PMA. Cultures were exposed to 0-500 µM DOPA for 24 hours or
100 µM DOPA for 0-72 hours. The effects of free DOPA were investigated by the addition of
0.5 µg/mL cycloheximide, an inhibitor of protein synthesis known to prevent DOPA
incorporation into protein. The effects of PB-DOPA were investigated by incubating cultures
in the presence of DOPA for 24 hours, allowing time for incorporation. The un-incorporated
DOPA was then washed out using three washes with PBS, and cultures grown for a further
24 hours in the presence of the incorporated DOPA alone. Following DOPA treatment, LDH
activity in the culture medium and cell lysate were measured as described in section 2.2.4.,
and used to determine cell viability.

3.2.6. Statistical Analysis
Individual experiments were carried out in triplicate and data are given as mean ± standard
deviation. Data were compared using either a one-way ANOVA or two-way ANOVA
followed by post-hoc Tukey test, depending on the specific parameters of the experiments. A
p value of < 0.05 (two-tailed) was considered statistically significant. All experiments were
carried out at least three independent times.

3.3. RESULTS
3.3.1. DOPA Incorporation Into THP-1 Cellular Protein
DOPA was incorporated into THP-1 cellular protein in the absence of tyrosine, when nondifferentiated THP-1 cells were exposed to 100 µM DOPA, for 24 hours (Figure 3.1A). The
addition of cycloheximide completely inhibited incorporation. The same was seen for
incorporation of DOPA into differentiated THP-1 cells (Figure 3.1B). When nondifferentiated or differentiated THP-1 cells were grown in normal RPMI culture medium, a
solution containing 110 µM tyrosine, incorporation of DOPA into cellular protein was not
detected, either with or without the addition of cycloheximide (data not shown).

57

Chapter 3: Effect on Cell Viability

A

LMWS
(KDa)
148—
98—
64—
50—

Protein Staining

DOPA Staining

36—
22—
16—
6—
DOPA
Cycloheximide

B

−
−

−
+

+
+

+
−

LMWS
(KDa) DOPA Staining
148—
98—
64—
50—

−
−

−
+

+
+

+
−

Protein Staining

36—
22—
16—
6—
DOPA
Cycloheximide

−
−

+
−

+
+

−
−

+
−

+
+

Figure 3.1: DOPA incorporation into THP-1 cellular protein, detected by redox staining. Non-differentiated (A)
and differentiated (B) THP-1 cells were grown in the presence of 0 or 100 µM DOPA with or without the
addition of 0.5 µg/mL cycloheximide, in tyrosine-free culture medium for 24 hours. Cells were lysed and
100 µg protein separated on 12% (w/v) SDS-PAGE gels, transferred to PVDF and stained with NBT (left
hand images) or Amido black (right hand images) to detect the presence of DOPA or total protein,
respectively. LMWS: Low molecular weight standards.

58

Chapter 3: Effect on Cell Viability
Radioactive tracing experiments were used to confirm the redox-cycling staining results and
to measure the incorporation of DOPA into protein in the presence of different concentrations
of tyrosine. In the absence of tyrosine, DOPA was incorporated into cellular protein when
cells were exposed to 0.2 µCi/mL (or 4 µM) 14C-DOPA (Figure 3.2), a result that confirmed
that seen when using redox-cycling staining. The level of DOPA incorporated increased in a
time dependent manner over the 24 hours measured, however the rate of incorporation
decreased over time. When normal RPMI culture medium, containing 110 µM tyrosine was
used, no incorporation of DOPA was detected, again confirming the redox-cycling staining
results.
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Figure 3.2: Incorporation of radiolabelled DOPA into THP-1 cellular protein, with or without the
presence of tyrosine. THP-1 cells were grown in tyrosine-free or normal (control) culture medium with the
addition of 0.2 µCi/mL 14C-DOPA for 24 hours. The level of incorporated DOPA was measured using
scintillation counting, results expressed as % of total radioactivity supplied, mean ± standard deviation.

The level of DOPA incorporation was significantly decreased for cultures containing tyrosine
compared to when DOPA was added alone (1:0 ratio) in tyrosine free culture medium
(Table 3.1). When equivalent concentrations of tyrosine (1:1 ratio) were present, the level of
incorporation after 24 hours was 54% of that seen without tyrosine. Very little incorporation,
less than 2%, was detected when tyrosine was present at 10 times the concentration of DOPA
(1:10 ratio).
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Table 3.1: Effect of tyrosine concentration on the incorporation of radiolabelled DOPA into THP-1
cellular proteins. THP-1 cells were grown in tyrosine-free culture medium with the addition of 4 µM (or
0.2 µCi/mL) 14C-DOPA and 0, 4 or 40 µM tyrosine for 24 hours. The level of incorporated DOPA was measured
using scintillation counting, results expressed as % of total radioactivity supplied, or % of control (1:0 ratio)
incorporation. Data given as mean ± standard deviation.
DOPA:Tyrosine
Amount incorporated
Amount incorporated
Ratio
(% of control)
(% of total supplied)
1:0

19.33 ± 2.38

100.00 ± 12.31

1:1

10.35 ± 1.09

53.56 ± 5.56

1:10

0.29 ± 0.02

1.48 ± 0.12

The process of DOPA incorporation was again seen to be inhibited by the addition of
cycloheximide and this inhibition was still in effect after 48 hours, at which time
incorporation was reduced by 97.5% (Table 3.2). Concurrent experiments measuring the
incorporation of radiolabelled leucine, using leucine free culture medium, indicate that
cycloheximide is inhibiting overall protein synthesis, with leucine incorporation being
reduced by 89% after 48 hours. Previous studies using cycloheximide to inhibit protein
synthesis in THP-1 cells have used this concentration of cycloheximide, reducing DOPA
incorporation by 95% (Rodgers et al., 2004). Whilst the reduction in overall protein synthesis
is not recorded for THP-1 cells in this particular study, others using different cell lines report
a reduction of 96% when using 2 µg/mL, or 99% when using 10 µg/mL in J774 cells
(Rodgers et al., 2002). Whilst higher concentrations of cycloheximide may inhibit protein
synthesis more completely, these results suggest that 0.5 µg/mL is sufficient to almost
completely inhibit DOPA incorporation and is therefore sufficient for the purposes of this
project.
Table 3.2: Effect of cycloheximide on the incorporation of radiolabelled DOPA and leucine into THP-1
cellular proteins. THP-1 cells were grown in tyrosine-free or leucine-free culture medium with the addition of
0.2 µCi/mL 14C-DOPA or 5 µCi/mL 3H-Leucine respectively, either with or without the presence of 0.5 µg/mL
cycloheximide, for 48 hours. The level of incorporated DOPA or leucine was measured using scintillation
counting, results expressed as % of total radioactivity supplied or % of control (cycloheximide free cultures)
incorporation. Data given as mean ± standard deviation.
Conditions
Amount incorporated
Amount incorporated
(% of total supplied)
(% of control)
0.2 µCi/mL 14C-DOPA, 48 hours

17.56 ± 0.69

100 ± 3.54

0.2 µCi/mL 14C-DOPA with 0.5
µg/mL cycloheximide, 48 hours

0.44 ± 0.02

2.49 ± 0.13

5 µCi/mL 3H-Leu, 48 hours

46.31 ±0.87

100 ± 1.88

5 µCi/mL 3H-Leu with 0.5 µg/mL
cycloheximide, 48 hours

5.04 ± 0.17

10.89 ± 0.37
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3.3.2. Effect of Free and PB-DOPA on Cell Viability
To determine the combined effect of free and PB-DOPA on cell viability, THP-1, U937,
RAW264.7 and differentiated THP-1 cells were grown under conditions known to result in
the generation of PB-DOPA, as shown above. Cell viability was not adversely affected when
cells were exposed to DOPA concentrations up to 500 µM (Figure 3.3A), with all cell lines
maintaining cell viability above 90% after 24 hours. Additionally, cell viability was not
affected by exposure to 100 µM DOPA over a longer time, up to 72 hours (Figure 3.3B).

The cell viability of non-differentiated or differentiated THP-1 cells was not adversely
affected when exposed to 0-500 µM DOPA for 24 hours in the presence of cycloheximide,
such that the generation of PB-DOPA was inhibited (Figure 3.4A). Rather a small but
significant increase in cell viability was seen for both cell types, as the concentration of
DOPA increased. When non-differentiated and differentiated THP-1 cells were exposed to
100 µM DOPA in the presence of cycloheximide for up to 72 hours, no significant changes to
cell viability were detected (Figure 3.4B). These cultures, however, had significantly
decreased cell viability compared to cultures exposed to cycloheximide for only 24 hours, and
compared to cultures that were grown for 72 hours without the presence of cycloheximide.
This is not unexpected, as the inhibition of protein synthesis for such a time should result in a
loss of cell viability. Regardless of this, the presence of 100 µM DOPA had no effect on the
viability of cultures exposed to cycloheximide for 72 hours.

The effect of PB-DOPA on non-differentiated THP-1 cells was investigated by pre-treating
cells with 0-500 µM DOPA for 24 hours, before washing to remove free DOPA and growing
for a further 24 hours in fresh RPMI culture medium (Figure 3.5A). The viability of these
cultures were compared to that of cultures pre-treated with DOPA for only five minutes prior
to washing, such that they contained an equivalent level of residual free DOPA but no PBDOPA, as five minutes of exposure would not be long enough for incorporation to occur. The
residual free DOPA had no effect on cell viability, however the presence of PB-DOPA,
generated from all concentrations of supplied DOPA, significantly increased cell viability. To
determine if PB-DOPA is toxic over a longer time, THP-1 cells were exposed to 100 µM
DOPA for 24 hours, washed to remove un-incorporated DOPA, and grown for a further 0 to
72 hours. At each harvest time, the viability of cultures containing PB-DOPA was slightly
higher than cultures that had been exposed to 100 µM DOPA for only five minutes prior to
washing, however this was not found to be statistically significant (Figure 3.5B).
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Figure 3.3: Effect of free and PB-DOPA on monocytic and macrophage-like cell viability. THP-1,
differentiated THP-1, U937 and RAW264.7 cultures were exposed to (A) 0, 100, 200 or 500 µM DOPA for
24 hours or (B) 100 µM DOPA for 0, 24, 48 or 72 hours in RPMI containing 10% (v/v) HI-FBS, 1% (v/v)
Antibiotic-Antimycotic. Cell viability was measured using an LDH release assay, results expressed as mean ±
standard deviation. No significant differences were seen using a one-way ANOVA followed by a post hoc
Tukey’s test.
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Figure 3.4: Effect of free DOPA on monocytic and macrophage-like cell viability. Non-differentiated and
differentiated THP-1 cell cultures were exposed to (A) 0, 100, 200 or 500 µM DOPA for 24 hours or
(B) 100 µM DOPA for 0, 24, 48 or 72 hours, with the addition of 0.5 µg/mL cycloheximide in RPMI containing
10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Cell viability was measured using an LDH release assay,
results expressed as mean ± standard deviation. Statistics for (A) non-differentiated THP-1 one-way ANOVA,
p < 0.05, differentiated THP-1 one-way ANOVA p < 0.01; (B) non-differentiated THP-1 one-way ANOVA,
p < 0.05, differentiated THP-1 one-way ANOVA p = 0.2858; post hoc Tukey’s test, *p < 0.05, ** p < 0.01
compared to corresponding 0 µM DOPA values.
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Figure 3.5: Effect of PB-DOPA on monocyte cell viability. Non-differentiated THP-1 cell cultures were
exposed to (A) 0, 100, 200 or 500 µM DOPA for 24 hours, washed to remove free DOPA and grown for a
further 24 hours or to (B) 100 µM DOPA for 24 hours, washed to remove free DOPA and grown for a further
0, 24, 48 or 72 hours, all in RPMI containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Cell viability
was measured using an LDH release assay, results expressed as mean ± standard deviation. Control cultures
were treated the same, except exposed to DOPA for only 5 minutes prior to washing. Statistics for (A) two-way
ANOVA, interaction p = 0.0181, DOPA concentration p < 0.0001, Control vs. PB-DOPA p < 0.0001; one-way
ANOVA, p = 0.0862 for control, p < 0.01 for PB-DOPA; post hoc Tukey’s test, *p < 0.05, ** p < 0.01 compared
to corresponding 0 µM DOPA values; (B) no significant differences were seen.
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3.4. DISCUSSION
The ability of PB-DOPA, a key product of protein oxidation, to function both as a pro- and
anti-oxidant has led some to suggest it may be toxic. The use of free DOPA as a treatment for
Parkinson’s disease, and the side effects that can sometimes occur, has accelerated the
examination of the physiological effects of this compound through in vitro and in vivo studies,
however the issue of its toxicity remains under debate. Despite extensive research, the
individual effects of free or PB-DOPA have not been specifically examined, as most studies
measure effects following exposure of cells or tissues to free DOPA, a condition which would
result in the presence of both free and PB-DOPA. Furthermore, the majority of studies have
examined the effect of DOPA on brain derived cells, with little investigation relating to cells
originating from tissues outside of this organ. Therefore, the aim of this chapter was to
examine the effect of free DOPA, PB-DOPA and a combination of both forms of DOPA, on
monocytic and macrophage-like cell viability.

In order to examine these effects, and to extend the research further in the following chapters,
the ability of DOPA to be incorporated into cellular protein, under the specific experimental
parameters chosen for this project, must first be established. In addition to oxidative reactions,
PB-DOPA can be generated by the incorporation of free DOPA into proteins during protein
synthesis. Recent studies have shown, through the use of HPLC analysis, that DOPA is
incorporated in vitro into murine macrophage (Rodgers et al., 2002) and human monocytic
(Rodgers et al., 2004) cellular protein in the absence of the parent amino acid tyrosine. In both
cases, incorporation was found to be concentration dependent and inhibited by cycloheximide,
a compound known to prevent protein synthesis, indicating that incorporation occurs via the
process of protein synthesis. Further in vitro studies have indicated that DOPA is also
incorporated into protein in the presence of tyrosine, with DOPA incorporating into
lymphocyte proteins when 200 µM DOPA was supplied in the presence of 10 µM tyrosine
(Rodgers et al., 2006).

In order to confirm that the conditions to be used throughout this thesis result in DOPA
incorporation, DOPA modified proteins were visualised by redox-cycling staining, a sensitive
method for detecting DOPA-containing proteins (Rodgers et al., 2004). In the absence of
tyrosine, exposure of THP-1 cells to 100 µM free DOPA resulted in the incorporation of
DOPA into cellular proteins. This was completely inhibited by the addition of cycloheximide,
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confirming that protein synthesis is required for DOPA incorporation. In the presence of
tyrosine, no DOPA-containing proteins were detected using redox-cycling staining,
suggesting that competition with tyrosine for incorporation decreased the level of DOPAcontaining protein to a point that was not detectable using this method.

Since much of this project is to be carried out under conditions in which DOPA will be
present at equivalent concentrations to that of tyrosine, incorporation of DOPA in the
presence of tyrosine was determined using a simple radiolabel tracking method. The presence
of tyrosine decreased the level of DOPA incorporation, with equivalent concentrations of
tyrosine resulting in approximately half the level of incorporation seen when DOPA was
added alone. Minimal DOPA was incorporated when tyrosine was added in a ten fold higher
concentration (less than 2%). These results, and the redox-cycling staining results, confirm
that DOPA incorporation can occur in the presence of tyrosine, although at a lower rate than
when tyrosine is absent.

This is particularly relevant when considering in vivo DOPA incorporation. A recent study
found that the level of PB-DOPA in lymphocyte proteins derived from Parkinson’s patients
being treated with DOPA was significantly higher than age-matched, non-treated controls
(Rodgers et al., 2006). This indicates that DOPA incorporation can occur in vivo, under
conditions in which there is a competing effect with the parent amino acid, tyrosine. Under
normal physiological conditions, tyrosine would be present at a much higher concentration
compared to that of DOPA, suggesting that DOPA incorporation in vivo would be relatively
rare. However, under certain conditions, such as during DOPA treatment of PD, the
concentration of DOPA can be enhanced, potentially to a level under which significant
incorporation could occur. Whilst in vivo incorporation has been shown to occur, conditions
under which DOPA is present at a high enough concentration to be incorporated would be
relatively uncommon and as such PB-DOPA is more likely to be formed by the oxidative
modification of tyrosine residues during times of oxidative stress. Therefore, this technique is
more useful for in vitro generation of PB-DOPA, in order to examine the effects of this
compound, as may occur following its generation in vivo during oxidative stress.

Under physiological conditions, it is hypothesised that PB-DOPA initiates protection against
oxidative stress by acting as a signal to enhance the antioxidant defence system (Nelson et al.,
2007). Much of the current research regarding the toxicity of DOPA has focused on neuronal
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cells and tissues, as the focus remains on the therapeutic use of DOPA to treat Parkinson’s
disease. PB-DOPA, however, is also known to be present in certain tissues as a result of other
pathologies such as cataractogenesis (Fu et al., 1998a) and atherosclerosis (Fu et al., 1998b).
The broader physiological effects of DOPA on areas outside of the brain remain relatively
un examined. Monocyte and macrophage cells, similar to those used in this study, are
involved in the formation of atherosclerotic plaques and therefore provide a good model for
examining the effect of PB-DOPA on systemic cells that may potentially come into contact
with PB-DOPA in the physiological system.

A combination of free and PB-DOPA was not toxic for any of the cell lines used in this study.
Most studies using brain-derived cell cultures have found DOPA to be toxic when supplied at
high concentrations, much higher than would be expected in a physiological system, even
following administration of DOPA to Parkinson’s patients (Stocchi et al., 2005; Murata,
2006). In this study, however, it was shown that even up to 500 µM DOPA, a concentration
that is significantly higher than any concentration expected physiologically, the viability of
these cultures is not compromised. Extended exposure to 100 µM DOPA, for up to 72 hours,
also had no adverse effects on these cell lines. When free DOPA was supplied alone, through
the use of cycloheximide, non-differentiated and differentiated THP-1 cell viability was again
unaffected, both at high concentrations and following extended exposure. In fact, a slight
concentration dependent increase in cell viability was seen after 24 hours for both cell types.
PB-DOPA was also found to have no adverse effect on cell viability, however the viability of
cultures containing PB-DOPA and residual levels of free DOPA was slightly, but
significantly, higher than cultures containing only residual free DOPA following 24 hours of
incubation. This increase was seen for all concentrations of supplied DOPA. Furthermore,
extended exposure of THP-1 cells to PB-DOPA did not affect cell viability.

These results suggest that monocyte and macrophage cells are less affected by the presence of
free or PB-DOPA than certain neuronal cells and indicate that under the conditions used
throughout this project, the viability of the these cultures is not significantly affected by the
presence of either free or PB-DOPA. In fact, under some circumstances the viability was
slightly enhanced, suggesting that DOPA may have a more beneficial effect on cells, a
possibility that will be more closely explored in the following chapter.
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3.5. CONCLUSION
This chapter confirms that free DOPA is incorporated into THP-1 cellular protein during
protein synthesis, with a decreased, but still significant, level of incorporation when tyrosine
is present at equivalent concentrations to that of supplied DOPA. Thus, the conditions used
throughout this project will result in the generation of PB-DOPA and the effects investigated
will be due to the presence of both free and PB-DOPA. In addition, the results presented in
this chapter demonstrate that DOPA, either free or protein-bound, was not toxic to monocytic
or macrophage-like cell cultures.
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4. Free and PB-DOPA Induce Cellular Protection Against
Oxidative Stress
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4.1. INTRODUCTION
Free and PB-DOPA have the capacity to function as antioxidants due to their catechol-like
structure, with much evidence suggesting that they may be beneficial to biological systems.
For example, free and peptide bound DOPA can inhibit low density lipoprotein oxidation
(Exner et al., 2003); exposure of neuronal cells to free DOPA can up-regulate some
antioxidants, such as reduced glutathione (Mytilineou et al., 1993; Han et al., 1996; Mena et
al., 1997); and treatment of Parkinson’s disease patients or animal models with DOPA can upregulate components of the antioxidant defence system (Ferrario et al., 2004), including the
antioxidant superoxide dismutase (Blandini et al., 2003; Blandini et al., 2004).

Elevated levels of PB-DOPA are found in atherosclerotic plaques (Fu et al., 1998b; Woods et
al., 2003), where a build-up of oxidatively damaged molecules in monocytes and
macrophages can lead to the formation of foam cells and fatty deposits on the inside of
arterial walls (Goldstein et al., 1979; Schaffner et al., 1980). The presence of oxidative
damage and breakdown products of protein and lipid hydroperoxides in atherosclerotic
plaques suggests that these plaques may be an in vivo source of peroxyl radicals (Upston et al.,
2002). Investigations into the reactivity of PB-DOPA in the presence of peroxyl radicals will
provide a greater understanding of how it may be involved in situations involving oxidative
stress, such as seen during the progression of atherosclerosis.

In the previous chapter, PB-DOPA, generated from the incorporation of free DOPA during
protein synthesis, was demonstrated to have no adverse effect on monocytic and
macrophage-like cell viability in vitro. Rather than being toxic, it is hypothesised that
PB-DOPA may play an important role in regulating oxidative stress within cells, including
those involved in the formation of atherosclerotic plaques, either by acting as a signal to
trigger the up-regulation of antioxidant defences capable of minimising the extent of oxidative
damage at these sites, or through a more direct radical scavenging activity. To test this
hypothesis, the effect of free and PB-DOPA on monocytic and macrophage-like cells exposed
to 2,2’-azobis(amidinopropane) dihydrochloride (AAPH)-induced peroxyl radicals was firstly
investigated. Secondly, the potential for DOPA, and its parent amino acid tyrosine, to
function directly as an antioxidant was investigated by measuring their ability to scavenge
AAPH-derived radicals using luminol-enhanced chemiluminescence.
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4.2. MATERIALS AND METHODS
4.2.1. Materials
Cell culture reagents were obtained from GibcoTM, Invitrogen (Carlsbad, CA, USA). Culture
medium was supplemented with 10% (v/v) heat inactivated foetal bovine serum (HI-FBS)
(Cambrex, Walkersville, MD, USA) and 1% (v/v) Antibiotic-Antimycotic solution (GibcoTM).
Glycine was obtained from Ajax Finechem (Sydney, Australia); phosphate buffered saline
(PBS) tablets were from Amresco (Solon, Ohio, USA); 30% (w/v) hydrogen peroxide (H2O2)
was from BDH Laboratory Supplies (Poole, UK); AAPH was from Cayman Chemical
Company (Ann Arbor, MI, USA); and cycloheximide, DOPA, luminol, phorbol 12-myristate
13-acetate (PMA) and tyrosine were from Sigma (St. Louis, MO, USA).

4.2.2. Cell Culture
THP-1, RAW264.7 and U937 cells were maintained in culture according to the protocol
described in section 2.2. For experiments, all cell lines were seeded at 1.2 x 106 cells/mL in
fresh culture medium and incubated overnight at 37 ºC, 5% CO2, before experimental
treatment was applied.

For some experiments, THP-1 cells were differentiated as described in section 2.2.1., to
generate adherent differentiated THP-1 cells. Following differentiation, culture medium was
replaced with fresh medium containing 50 ng/mL PMA, before experimental treatment was
administered.

4.2.3. AAPH-Induced Oxidative Stress
AAPH, a thermo-labile radical generator, decomposes at high temperatures to produce
molecular nitrogen and two carbon centred radicals, which react with molecular oxygen to
generate a sustained level of peroxyl radicals (Niki, 1990). AAPH was used here to generate
oxidative stress in monocytic cell cultures and to supply a steady level of radicals to test the
ability of DOPA to function as a radical scavenger.

The potential for free and PB-DOPA to protect cells against AAPH-induced oxidative stress
was examined using a number of DOPA and AAPH treatment conditions, after which cell
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viability was determined by the lactate dehydrogenase (LDH) release assay, as described in
section 2.2.4. To investigate the combined effect of free and PB-DOPA, AAPH (0-40 mM)
was added to DOPA pre-treated monocytic or macrophage-like cells and incubated for 24 hrs
at 37 ºC, 5% CO2. Pre-treatment of cells was for 24 hours at 37 ºC, 5% CO2, using 0-500 µM
DOPA, without washing the DOPA out prior to AAPH addition. The effect of free DOPA
alone was investigated by exposing THP-1 cells to 0-500 µM DOPA and 20 mM AAPH, for
24 hours, in the presence of 0.5 µg/mL cycloheximide, an inhibitor of protein synthesis that is
known to prevent the formation of PB-DOPA (see chapter 3). The effect of PB-DOPA alone
was investigated by pre-treating THP-1 cells for 24 hours at 37 ºC, 5% CO2, using 0-500 µM
DOPA. Culture medium was then removed and the cells washed three times with PBS before
exposure to 20 mM AAPH for a further 24 hours. The viability of these cultures was
compared to that of cultures exposed to equivalent concentrations of DOPA for five minutes,
prior to washing and exposure to AAPH, to account for the effect of any residual free DOPA.

4.2.4. Luminol-Enhanced Chemiluminescence for the Detection of AAPHDerived Radicals
AAPH-induced radical generation was detected using luminol-enhanced chemiluminescence,
following a protocol adapted from Lissi et al. (1995). AAPH, luminol and DOPA solutions
were initially made up in 0.1 mM glycine buffer, pH 8.6. Further experiments were carried
out in buffer containing 10% (v/v) HI-FBS or RPMI1640 culture medium containing
10% (v/v) HI-FBS, both pH adjusted to 8.6. Reactions containing a combination of AAPH
(0-100 mM final concentration), DOPA (0-100 µM final concentration) and luminol (5 µM
final concentration) were set up in a 96 well, white-walled plate (Nalgene® NuncTM,
Rochester, NY, USA), with a final volume of 200 µL. Chemiluminescence was measured
using a Luminoskan Ascent (ThermoElectron Corporation, Vantaa, Finland) set at ambient
temperature or 37 ºC. Results were expressed as “lag phase”, or the time taken for radical
generation to be detected.

4.2.5. Statistical Analysis
All experiments were carried out in triplicate, unless otherwise stated. Results shown are also
representative of at least three independent experiments. Data are given as mean ± standard
deviation. Data were compared using either one-way ANOVA followed by post-hoc Tukey
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test or two-way ANOVA followed by post-hoc Bonferroni test, depending on the specific
parameters of the experiments. A p value of < 0.05 was considered statistically significant.

4.3. RESULTS
4.3.1. Combined Cytoprotective Effect of Free and PB-DOPA Under Oxidative
Conditions
THP-1, U937, RAW246.7 and differentiated THP-1 cell lines were all susceptible to
AAPH-induced oxidative stress, resulting in a concentration-dependent loss of cell viability,
as shown in Table 4.1. Each cell line responded differently to the stress, with RAW264.7 cells
being particularly susceptible to AAPH-induced cytotoxicity, whereas U937 cells were the
most resistant, requiring higher concentrations of AAPH to induce cell death. PMA-induced
differentiation of THP-1 cells also resulted in higher resistance compared to
non-differentiated THP-1 cells, needing more than double the concentration of AAPH to
induce the same level of cell death.
Table 4.1: Cell viability of monocytic and macrophage-like cell lines following 24 hour exposure to AAPH.
Cells were exposed to 0-40 mM AAPH for 24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v)
Antibiotic-Antimycotic. Cell viability is expressed as % of control cultures, i.e. cultures exposed to 0 mM AAPH.
Cell viability of control cultures was above 90% for all cell lines tested. Results given as mean ± standard
deviation. One-way ANOVA, p < 0.0001 for all cell lines; post hoc Tukey’s test, * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to corresponding control values.
AAPH
Concentration
(mM)
5
10
15
20
40

THP-1

Cell Viability (% of Control)
U937
RAW246.7

98.3 ± 1.7
84.7 ± 4.1**
63.2 ± 4.4***
58.3 ± 4.1***
-

97.8 ± 1.0
73.1 ± 6.5***

62.4 ± 1.7***
33.4 ± 0.1***
21.6 ± 0.2***
18.1 ± 1.8***
-

Differentiated
THP-1
91.5 ± 1.7*
69.0 ± 2.8***

Pre-treatment of monocytic cell lines with DOPA for 24 hours, a condition which generates
PB-DOPA (see chapter 3), prior to AAPH exposure significantly decreased the degree of
cytotoxicity of AAPH (Figure 4.1). Under these conditions, a combination of both free and
PB-DOPA was present. In most cell lines, protection was found to be concentration
dependent, with increasing concentrations of DOPA resulting in increased levels of protection.
For these experiments, AAPH concentrations predetermined to result in a loss of 30-50% cell
viability were chosen for each cell line.
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Figure 4.1: Protection against AAPH-induced oxidative stress by a combination of free and PB-DOPA in
monocytic and macrophage-like cell lines. Cells were pre-treated with 0-500 µM DOPA for 24 hours before
being exposed to AAPH for a further 24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v)
Antibiotic-Antimycotic. Control cultures were treated with 0-500 µM DOPA for 48 hours. Cell viability was
measured using an LDH release assay and results expressed as mean ± standard deviation. (A) THP-1 cells,
exposed to 20 mM AAPH (B) U937 cells, exposed to 40 mM AAPH (C) RAW264.7 cells exposed to 1 mM
AAPH (D) differentiated THP-1 cells, exposed to 40 mM AAPH. For AAPH exposed cultures, one-way
ANOVA, p < 0.0001 for all cell lines; post hoc Tukey’s test, ***p < 0.001 compared to the corresponding 0 µM
DOPA values.

Pre-treatment of THP-1 cells with 100 µM DOPA resulted in a significant decrease in
cytotoxicity following exposure to 20 mM AAPH (Figure 4.1A). Further increasing the
concentration of DOPA, however, did not enhance the effect, rather, maintaining the cell
viability at 70%. For U937 cells exposed to 40 mM AAPH, 24 hour pre-treatment with
100 µM DOPA again resulted in a significant decrease in cytotoxicity, however, this
continued to decrease as DOPA concentration increased, with viability equalling that of
un-stressed cultures at both 200 and 500 µM DOPA pre-treatment (Figure 4.1B).

The effect of 100 µM DOPA pre-treatment on RAW264.7 cells exposed to 1 mM AAPH and
differentiated THP-1 cells exposed to 40 mM AAPH, was not found to be significant. Higher
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concentrations of DOPA, however, did result in a significant increase in protection for both
cell lines (Figure 4.1C and 4.1D, respectively).

4.3.2. Individual Cytoprotective Effect of Free or PB-DOPA Under Oxidative
Conditions
The above results indicate that following 24 hours exposure at varying concentrations, the
combined presence of free and PB-DOPA provides protection for monocytic cells against
AAPH-induced cell death. To determine if the form of DOPA is important for this activity,
THP-1 cells were used to investigate the individual protective effects of free and PB-DOPA.

The effect of free DOPA was investigated by measuring cell viability of cultures exposed to
0-500 µM DOPA and 20 mM AAPH, in the presence of cycloheximide, an inhibitor of
protein synthesis known to prevent the incorporation of DOPA into protein (see chapter 3).
The presence of free DOPA resulted in a significant, concentration dependent, level of
protection, as seen by an increase in cell viability as the concentration of DOPA increased
(Figure 4.2). The presence of cycloheximide did not significantly alter the level of cell death
following oxidative stress, since cultures with or without cycloheximide both resulted in a
loss of approximately 50% cell viability following 24 hour exposure to 20 mM AAPH
(see Figure 4.1A, 0 µM DOPA compared with Figure 4.2, 0 µM DOPA).
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Figure 4.2: Protection against AAPH-induced oxidative stress by free DOPA in THP-1 cells. Cells were
exposed to 0-500 µM DOPA and 20 mM AAPH, in the presence of 0.5 µg/mL cycloheximide, for 24 hours in
RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Control cultures were exposed
to 0-500 µM DOPA in the presence of 0.5 µg/mL cycloheximide for 24 hours. Cell viability was measured using
an LDH release assay and results expressed as mean ± standard deviation. For AAPH exposed THP-1 cells, oneway ANOVA p < 0.0001; post hoc Tukey’s test, ***p < 0.001 compared to corresponding 0 µM DOPA values.
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The level of protection seen when only free DOPA was present was found to be lower than
that seen when both free and PB-DOPA were present. Cell viability was improved by
approximately 20%, in repeated experiments, when cultures were pre-treated with 100 µM
DOPA and allowed to generate PB-DOPA (Figure 4.1A). In contrast, when cells were pretreated with 100 µM DOPA in the presence of cycloheximide, an improvement in cell
viability of only 10% was seen (Figure 4.2). Pre-treatment with 200 µM DOPA in the
presence of cycloheximide, improved cell viability by a further 10%, resulting in the same
level of protection that was seen with 200 µM DOPA pre-treatment without cycloheximide.
These results suggest that at lower concentrations of DOPA, free and PB-DOPA induced
higher levels of protection against oxidative stress compared with free DOPA alone, however
at higher concentrations of DOPA, both conditions resulted in the same level of protection.

The effect of PB-DOPA alone was investigated by pre-treating THP-1 cells with 0-500 µM
DOPA for 24 hours, to allow incorporation of DOPA into protein, and then washing out the
free DOPA before exposing the cultures to 20 mM AAPH. To account for the presence of
residual free DOPA remaining after the wash step, either as a result of being unable to remove
all free DOPA by washing or arising from degradation of PB-DOPA during the oxidative
stress phase of the experiment, control cultures were exposed to equivalent concentrations of
DOPA for five minutes prior to washing and AAPH exposure. This ensured that any
differences between the control and treated cultures were the result of PB-DOPA, and not due
to any residual free DOPA remaining after the washing stage.

The presence of PB-DOPA resulted in protection against AAPH-induced cell death at all
concentrations of supplied DOPA (Figure 4.3). The effect was concentration dependent, and
unlike the other THP-1 cell experiments, viability continued to be marginally improved as the
concentration of supplied DOPA increased. Control cultures, containing residual amounts of
free DOPA only, did not induce protection against cell death, with no change in cell viability
being detected for any concentration of supplied DOPA.

The level of protection seen when only PB-DOPA was present was lower than that seen for
either cultures containing both free and PB-DOPA or cultures containing free DOPA alone. In
the presence of PB-DOPA generated from 100 µM supplied free DOPA, cell viability was
increased by approximately 10% (Figure 4.3), similar to that seen when cells were pre-treated
with 100 µM DOPA in the presence of cycloheximide (Figure 4.2). However, further
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increasing the concentration of supplied free DOPA only slightly improved cell viability and
did not reach the level of protection seen when cultures were treated with 100 µM allowing
for generation of PB-DOPA (Figure 4.1A) or 200 µM DOPA in the presence of
cycloheximide (Figure 4.2).
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Figure 4.3: Protection against AAPH-induced oxidative stress by PB-DOPA in THP-1 cells. Cells were
pre-treated with 0-500 µM DOPA for 24 hours, washed to remove free DOPA and exposed to 20 mM AAPH for
a further 24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Control
cultures were pre-treated with 0-500 µM DOPA for 5 min, washed to remove free DOPA and exposed to 20 mM
AAPH for 24 hours. Dotted line corresponds to viability of cultures pre-treated with 0-500 µM DOPA for
24 hours, washed to remove free DOPA and grown for a further 24 hours without the addition of AAPH. Cell
viability was measured using an LDH release assay and results expressed as mean ± standard deviation.
Two-way ANOVA, interaction p = 0.0014, DOPA concentration p = 0.0003, Control vs. PB-DOPA p < 0.001.
One-way ANOVA, p = 0.6641 for Control, p < 0.001 for PB-DOPA; post hoc Tukey’s test, **p < 0.01,
***p < 0.001 compared to respective 0 µM DOPA values.

4.3.3. Radical Scavenging Activity of DOPA
In order to understand the mechanisms that may be involved in the protective effect of DOPA
seen in the previous section, the radical scavenging activity of DOPA was investigated.
AAPH-derived radical scavenging experiments were initially carried out in glycine buffered
conditions, to measure the potential of DOPA to scavenge radicals in an environment devoid
of complex protein interference. A typical set of light profiles obtained for reactions with
increasing concentrations of DOPA are shown in Figure 4.4. In the absence of DOPA, using
luminol-enhanced chemiluminescence, a peak in light signal was detected within the first
10 minutes of reaction and a steady signal maintained for at least four hours. In the presence
of DOPA, however, the time taken for radicals to be detected increased, after which the signal
rose to control levels. The time taken for radicals to be detected was termed “lag phase” and
expressed in minutes. No detectable chemiluminescence was observed when DOPA was
added in the absence of AAPH (data not shown).
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Figure 4.4: Typical light profile obtained from AAPH-radical generation in the presence of free DOPA.
Chemiluminescence measured in the presence of 0-1000 nM DOPA. Reactions carried out in 0.1 M glycine
buffer, pH 8.6, containing 10 mM AAPH and 5 µM luminol, at room temperature.

Free DOPA induced a concentration dependent increase in reaction lag phase (Figure 4.5),
showing a linear relationship. This result suggests that DOPA is capable of scavenging
radicals, either AAPH or luminol-derived, thus inhibiting the detection of chemiluminescence.
Radical sequestration presumably continues until the supplied DOPA is depleted, at which
point chemiluminescence increases to control levels. The lag phase was significantly shorter
when reactions were carried out at 37 ºC compared to the same DOPA concentration at room
temperature, likely due to the increased production of AAPH radicals at higher temperatures,
resulting in a more rapid depletion of DOPA. At room temperature, no radicals were detected
within four hours of reaction when concentrations of 750 nM DOPA, or higher, were present.
At 37 ºC, however, 7.5 µM or higher DOPA was needed to prevent radical detection within
the four hours of reaction. The rate of AAPH decomposition, as measured by a decrease in
absorbance at 360 nm, was not found to be altered by the presence of DOPA (data not shown),
confirming that the delay in radical detection was not due to an inhibition of AAPH
decomposition but was rather due to a reaction of DOPA with the radicals produced, thus
preventing their detection.
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Figure 4.5: Lag phase in radical detection as a result of increasing concentrations of free DOPA.
Luminol-enhanced chemiluminescence induced by AAPH decomposition was measured in the presence of
0-5000 nM DOPA. The lag phase, or time taken before radicals were detected, was used as a measure of DOPA
radical scavenging. Reactions were carried out in 0.1 M glycine buffer, pH 8.6, containing 10 mM AAPH and
5 µM luminol, at room temperature or 37ºC. Results expressed as mean ± standard deviation. One-way ANOVA,
p < 0.0001 for both temperatures; post hoc Tukey’s test, ** p < 0.01; *** p < 0.001 compared to the
corresponding 0 nM values.

4.3.4. Radical Scavenging Activity of DOPA in More Physiological Conditions
Many radical scavenging agents and metal chelators are present under physiological
conditions, and as such, it was important to test the radical scavenging ability of DOPA in an
environment that more closely resembles the physiological environment. To achieve this,
experiments were carried out in buffer or culture medium, both containing 10% (v/v) serum.
In these experiments, the lag phase of control reactions, i.e. 0 µM DOPA, was increased
compared to that of the control reactions carried out in glycine buffer alone, due to the radical
scavenging and chelating potential of the serum. At room temperature, reactions with 10 mM
AAPH carried out in buffer containing 10% (v/v) serum took over 17 hours before radicals
were detected in control reactions and the presence of 1 µM DOPA completely inhibited
detection for at least 24 hours. Reactions carried out in culture medium containing 10% (v/v)
serum completely inhibited radical detection over 24 hours in the presence of 10 mM AAPH,
either with or without the addition of 1 µM DOPA.

To decrease the time of reaction, further experiments were done using higher concentrations
of AAPH. The lag phase of all reactions carried out at 37 ºC, in both buffer (Figure 4.6A) and
culture medium (Figure 4.6B) each containing 10% (v/v) serum, using 10-100 mM AAPH,
was significantly longer in the presence of 1 µM DOPA. A similar trend was seen for
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reactions carried out at room temperature, with 1 µM DOPA significantly increasing the lag
phase of reactions carried out in buffer (Figure 4.6C) and culture medium (Figure 4.6D) each
containing 10% (v/v) serum when using 10-40 mM AAPH. Reactions using higher
concentrations of AAPH at room temperature, however, were only found to have a
significantly increased lag phase in the presence of 1 µM DOPA when carried out in buffer
containing 10% (v/v) serum.
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Figure 4.6: Lag phase in radical detection when reactions are carried out in the presence of 10% (v/v)
serum. Luminol-enhanced chemiluminescence induced by increasing concentrations of AAPH was measured in
the presence 0 or 1 µM DOPA. The lag phase, or time taken before radicals were detected, was used as a
measure of DOPA radical scavenging. Reactions were carried out in 0.1 M glycine buffer or culture medium,
both pH 8.6, containing 10% (v/v) HI-FBS, 10-100 mM AAPH and 5 µM luminol, at room temperature or 37ºC.
(A) buffer, 37ºC; (B) culture medium, 37ºC; (C) buffer, room temperature; (D) culture medium, room
temperature. Results expressed as mean ± standard deviation. Two-way ANOVA, interaction, DOPA treatment
and AAPH concentration, all p < 0.0001 for all conditions; post hoc Bonferroni test *p < 0.05; **p < 0.01;
***p < 0.001 comparing mean lag phase of control or DOPA reactions at each AAPH concentration.

A linear relationship between DOPA concentration and lag phase was again seen when
reactions in buffer or culture medium, each containing 10% (v/v) serum, were carried out with
100 mM AAPH and increasing concentrations of DOPA (Figure 4.7).
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Figure 4.7: Lag phase in radical detection as a result of increasing concentrations of free DOPA, carried
out in the presence of 10% (v/v) serum. Luminol-enhanced chemiluminescence induced by AAPH
decomposition was measured in the presence of 0-50 µM DOPA. The lag phase, or time taken before radicals
were detected, was used as a measure of DOPA radical scavenging. Reactions were carried out in 0.1 M glycine
buffer or culture medium, both pH 8.6, containing 10% (v/v) HI-FBS, with 100 mM AAPH and 5 µM luminol,
at 37ºC. Results expressed as mean ± standard deviation. One-way ANOVA, p < 0.0001 for both conditions;
post hoc Tukey’s test, ** p < 0.01; *** p < 0.001 compared to the corresponding 0 µM values.

To further increase the relevance of these observations, reactions were carried out in culture
medium, containing 10% (v/v) serum, without adjusting the pH to 8.6. These reactions
therefore occurred at a more physiological pH, i.e. pH 7.4, a condition that would exactly
replicate that of the cell culture experiments described in section 4.3.1. and 4.3.2. In order to
obtain detectable chemiluminescence, the concentration of luminol was increased to 50 µM,
as reactions carried out at 37 ºC using 100 mM AAPH with 5 µM luminol resulted in
undetectable levels of chemiluminescence, even after 24 hours (data not shown).

When carried out in culture medium, pH 7.4, containing 10% (v/v) serum at 37 ºC, the lag
phase of all reactions using 0-100 mM AAPH was longer in the presence of 1 µM DOPA,
however this was only found to be statistically significant for reactions using 10 mM AAPH
(Figure 4.8A). Reactions using 100 mM AAPH with increasing concentrations of DOPA,
resulted in a linear increase in lag phase (Figure 4.8B). These results are similar to that seen
for reactions carried out at pH 8.6, and indicate that radical scavenging by DOPA is capable
of occurring under physiological conditions.
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Figure 4.8: Lag phase in radical detection when reactions are carried out in culture medium containing
10% (v/v) serum at pH 7.4. Luminol-enhanced chemiluminescence induced by AAPH decomposition was
measured in the presence of increasing concentrations of AAPH or DOPA. The lag phase, or time taken before
radicals were detected, was used as a measure of DOPA radical scavenging. All reactions were carried out in
culture medium, pH 7.4, containing 10% (v/v) HI-FBS and 50 µM luminol, at 37 ºC. Results expressed as
mean ± standard deviation. (A) Lag phase in reactions carried out with 10-100 mM AAPH, in the presence of
0 or 1 µM DOPA. Two-way ANOVA, interaction, DOPA treatment and AAPH concentration, all p < 0.0001;
post hoc Bonferroni test, *** p < 0.001 when comparing means at each AAPH concentration. (B) Lag phase in
reactions carried out with 0-100 µM DOPA, 100 mM AAPH. One-way ANOVA, p < 0.0001; post hoc Tukey’s
test, *** p < 0.001 compared to 0 µM value.

Similar reactions were carried out in the presence of H2O2 as the radical generator. Reactions
containing H2O2 and luminol in glycine buffer, pH 8.6, generated a high level of
chemiluminescence at room temperature (Figure 4.9). The presence of DOPA induced a
concentration dependent lag phase, with 20 µM DOPA completely preventing radical
detection within the two hours of reaction. These results, therefore, indicate that DOPA is
capable of quenching chemiluminescence in the presence of H2O2, suggesting that the ability
of DOPA to scavenge radicals is not restricted to a single radical generator.
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Figure 4.9: Typical light profile obtained from hydrogen peroxide-radical generation in the presence of
free DOPA. Chemiluminescence measured in the presence of 0-50 µM DOPA. Reactions carried out in
0.1 M glycine buffer, pH 8.6 containing 1.5% (w/v) H2O2 and 5 µM luminol, at room temperature.
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4.3.5. Anti-Radical Activity of Tyrosine
To determine if DOPA is more efficient at radical sequestration than its parent amino acid,
radical scavenging reactions were carried out in the presence of tyrosine. Under buffered
conditions, without the addition of serum, the radical scavenging activity of tyrosine was
found to be significantly different to that of DOPA. At both room temperature and 37 ºC,
tyrosine (0-1000 nM) did not increase the reaction lag phase as was found with equivalent
concentrations of DOPA (Figure 4.10). Further increasing the concentration of tyrosine
(0-100 µM) again had no effect on the reaction lag phase, however the total level of
chemiluminescence was significantly decreased as the concentration of tyrosine increased
(Figure 4.11, compare with Figure 4.4).
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Figure 4.10: Lag phase in radical detection as a result of increasing concentrations of DOPA and tyrosine.
Luminol-enhanced chemiluminescence induced by AAPH decomposition was measured in the presence of
increasing concentrations of DOPA or tyrosine. The lag phase, or time taken before radicals were detected, was
used as a measure of radical scavenging. Reactions were carried out in 0.1 M glycine buffer, pH 8.6 containing
10 mM AAPH and 5 µM luminol, at room temperature (A) or 37ºC (B). Results expressed as mean ± standard
deviation. Two-way ANOVA interaction, treatment and concentration all p < 0.0001 for both temperatures; post
hoc Bonferroni ***p < 0.001, comparing means at each concentration.
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Figure 4.11: Light profile obtained from AAPH-radical generation in the presence of tyrosine.
Chemiluminescence measured in the presence of 0-100 µM tyrosine. Reactions carried out in 0.1 M glycine
buffer, pH 8.6 containing 10 mM AAPH and 5 µM luminol, at 37ºC.
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4.4. DISCUSSION
The effects of an increased level of PB-DOPA, a product of protein oxidation, on
physiological systems remain unclear. Due to its catechol-like structure, PB-DOPA is capable
of acting as either a pro- or anti-oxidant. Whilst most studies in the past have focused on the
potential toxicity of free or PB-DOPA, there is now increasing evidence that PB-DOPA has
beneficial effects on cells and tissues. The hypothesis of this thesis is that the generation of
PB-DOPA, either by oxidative modification of tyrosine residues or through the incorporation
of free DOPA during protein synthesis, triggers an enhancement of the cellular antioxidant
defence system, thus enabling PB-DOPA to restrict and potentially terminate the initiating
oxidative stress, minimising the level of oxidative damage. To test this hypothesis, this
chapter has examined the effect of free and PB-DOPA on monocytic and macrophage-like
cell lines exposed to oxidative stress and has investigated the direct antioxidant potential of
free DOPA.

The effect of free and PB-DOPA on monocytes and macrophages, key cells involved in the
formation of atherosclerotic plaques, under oxidative stress was examined by measuring the
loss of cell viability following exposure to AAPH, a peroxyl radical generator. The use of free
DOPA in these experiments will result in the generation of PB-DOPA, as shown in chapter 3,
providing cultures that contain both free and PB-DOPA. Additional experiments were
performed to examine the individual effects of free and PB-DOPA.

Free and PB-DOPA, either individually or in combination, were found to protect both
monocytic and macrophage-like cells from AAPH-induced oxidative stress, however the
effects differed slightly between cell lines. A concentration dependent decrease in
AAPH-induced cell death was seen for U937, RAW246.7 and differentiated THP-1 cells
exposed to free and PB-DOPA. Non-differentiated THP-1 cells, however, did not show a
concentration dependent level of protection, but rather maximum protection was achieved at
100 µM DOPA, without any increase seen at higher concentrations. These results suggest that
the responses induced by free or PB-DOPA may not necessarily be the same in all cells and
tissues, but rather the responses, and therefore the level of protection, appear to be cell type or
cell line specific. The evidence demonstrating free DOPA toxicity in certain neuronal cells,
but not others (see section 1.3.5.), supports the idea of a cell specific response to DOPA,
however, further investigations, using a broad range of cell types, will be needed to confirm
this idea and to identify the specific physiological responses to free and PB-DOPA.
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In non-differentiated THP-1 cells, the individual effects of free and PB-DOPA were
investigated. The highest level of protection was seen for cultures pre-treated with a
combination of free and PB-DOPA, however incubation with either free DOPA alone or
PB-DOPA alone generated a decrease in AAPH-induced cell death, indicating that both forms
of DOPA are capable if inducing protective effects. The level of protection induced by free
DOPA alone increased up to 200 µM DOPA, with no further increase in protection seen at
higher concentrations. This result was similar to that seen when free and PB-DOPA were both
present, however a higher concentration of DOPA was needed to generate the same level of
protection. This suggests that either PB-DOPA is more efficient at inducing protection than
free DOPA, or the presence of cycloheximide is suppressing some of the protective
mechanisms due to the inhibition of protein synthesis. For example, any processes that
requires the synthesis of new proteins would be inhibited by the presence of cycloheximide,
thus decreasing the level of protection when compared to that induced in the absence of
cycloheximide.

The level of protection seen when only PB-DOPA was present was less pronounced than that
seen when cells were incubated with either a combination of free and PB-DOPA or free
DOPA alone. A small increase in cell viability (approximately 10%) was seen when cultures
contained PB-DOPA generated from 100 µM supplied free DOPA, with only a slight increase
as the concentration of supplied free DOPA was increased. However, the level of DOPA in
these cultures would be significantly lower than those in which free DOPA was still present,
as only comparatively small amounts would be incorporated. Therefore, the minimised effect
is likely to be a direct result of a lower number of DOPA molecules present. Regardless of
this, it is clear that both free and PB-DOPA function to protect cells against oxidative stress,
although, PB-DOPA, being a more stable, long-lived product than free DOPA, would likely
be the most physiologically active form.

In addition to implicating both free and PB-DOPA in the protection of cells against
AAPH-induced oxidative stress, these results suggest that at least some of the processes
induced by free DOPA do not involve the generation of new proteins, since protection
occurred regardless of the presence of cycloheximide. This may be in part through the
regulation of existing cellular antioxidant defences, or by DOPA reacting directly with the
AAPH-induced radicals, thereby acting as a scavenger itself.
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To investigate the potential for free and PB-DOPA to function directly as an antioxidant, the
radical scavenging activity of free DOPA was examined. By reacting directly with potentially
harmful radicals, DOPA has the ability to function as an antioxidant, resulting in the
production of less harmful species. It is, however, unknown as to whether this particular
activity of DOPA can occur under physiological conditions, where other more potent
antioxidants are present. The direct antioxidant activity of DOPA under these conditions is
likely to be minimal due to the substantial concentration of other radical scavengers and metal
chelators, in comparison to which the scavenging potential of DOPA would be very modest.
To test this hypothesis, the radical scavenging activity of DOPA was measured using
luminol-enhanced chemiluminescence, under conditions that mimic that of cell culture.

AAPH-derived radicals can react with luminol to form chemiluminescent luminol-derived
radicals. The ability of an added compound to quench this chemiluminescence depends on its
ability to scavenge both AAPH and luminol-derived radicals. Experiments using the
structurally related radical generator, 2,2-azobis(2-amidinopropane) (ABAP), revealed that
the reaction between ABAP and luminol occurs rapidly. As such it is likely that the precise
action of quenching is related to the trapping of luminol-derived radicals rather than
ABAP-derived radicals (Lissi et al., 1992), a property that is also true for AAPH (Krasowska
et al., 2000).

Species containing a catechol structure, such as PB-DOPA, are known to scavenge radicals,
although the efficiency of scavenging can vary depending on the position of hydroxyl groups
and the nature or position of other ring substituents (Alanko et al., 1993; Alanko et al., 1999).
The radical scavenging ability of free DOPA in an in vitro environment has recently been
shown (Gulcin, 2007), demonstrating DOPA to be an effective antioxidant and radical
scavenging agent. The results presented in this chapter confirm that DOPA can scavenge
radicals under in vitro conditions and show that this occurs in a concentration dependent
manner.

Furthermore, the presence of serum in either buffer or culture medium allowed for the
determination of this activity in an environment that more closely resembled that of a
biological system, where other radical scavenging and metal chelating factors are present.
Remarkably, DOPA was also able to scavenge radicals under these conditions, an activity that
was again dependent on concentration. To increase the relevance of these results, reactions
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were carried out at a more physiological pH, using culture medium containing serum, without
increasing the pH. Higher concentrations of luminol were needed for these reactions, as the
optimal activity of this reaction falls outside of the physiological pH range, being best above
pH 8 (Krasowska et al., 2000), making it more difficult to detect chemiluminescence in
solutions of lower pH. Regardless of this, radical scavenging by DOPA was again detected.
These results indicate that DOPA can scavenge radicals in complex conditions that closely
resemble the physiological system, and therefore suggests that the radical scavenging activity
of DOPA may be more significant than first thought.

The presence of DOPA inhibited the detection of radicals under all conditions studied,
inducing a concentration dependent increase in reaction lag phase, or time taken before
chemiluminescence was detected. Presumably this lag phase relates to the time in which the
DOPA molecules are consumed by the steady generation of AAPH-derived radicals, or the
subsequent luminol-derived radicals. Once consumed, the chemiluminescence increased to
that of control levels. The rate of free radical generation from AAPH at 37 ºC in neutral water
is 1.36 x 10-6[AAPH] (mol/L/sec) (Niki, 1990). In a reaction, for example, containing 10 mM
AAPH, assuming that only one peroxyl radical reacts with one DOPA molecule and that all
peroxyl radicals come into contact with DOPA, 100 µM DOPA would be consumed within
120 minutes. Although the reaction is unlikely to be this straightforward, based on this
calculation it is feasible that lower concentrations of DOPA, such as were used in this study,
would be consumed relatively quickly if all these conditions applied.

The radical scavenging activity of tyrosine was significantly different to that of DOPA.
Rather than increasing the time taken for radicals to be detected, tyrosine reduced the overall
level of chemiluminescence. This difference is similar to that seen between ascorbate and
α-tocopherol in plasma. Ascorbate completely inhibits lipid peroxidation, however, once it is
consumed, α-tocopherol diminishes and slows the rate of lipid peroxidation, but does not
provide complete inhibition (Frei et al., 1988). Another similar difference is seen between the
radical scavenging activity of trolox and butylated hydroxytoluene (BHT). In an
AAPH/luminol system, similar to that used in this study, chemiluminescence was completely
inhibited by trolox, returning to control levels once trolox had presumably been depleted.
However, BHT caused only a partial inhibition of chemiluminescence, an effect that was
longer lasting than that of trolox (Krasowska et al., 2000). The effect of trolox was similar to
that of DOPA seen in this study, whereas the effect of BHT was more similar to that of
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tyrosine. The difference in activity of trolox and BHT could be explained by differences in the
hydroxyl substituent bond strength, with trolox having a lower strength, suggesting it may be
more easily broken, or by differences in charge of the molecules, with trolox being mostly
negative and BHT being mostly neutral. AAPH radicals are positively charged, and therefore
would more readily react with trolox than BHT, an idea that was confirmed by the positive
effect of increased pH on BHT, but not trolox, activity. As pH increases, the hydroxyl group
deionises, making BHT more negative and thus better able to react with the AAPH-induced
radicals (Krasowska et al., 2000).

Other studies have also outlined the importance of the number and position of hydroxyl
groups on radical scavenging activity (Alanko et al., 1993; Alanko et al., 1999). These
examples all illustrate that similar compounds can have different scavenging activities and
indicate that the differences between DOPA and tyrosine seen in this study may be due to the
additional hydroxyl group present on DOPA. In addition, the different scavenging abilities of
DOPA and tyrosine confirm previous studies in which DOPA was found to be a much more
effective antioxidant and radical scavenger than tyrosine (Gulcin, 2007). These results,
therefore, suggest that the generation of PB-DOPA under oxidative conditions would benefit
cells and tissues due to the increased protection this would provide compared to PB-tyrosine.

The radical scavenging results suggest that the observed protection induced by free and
PB-DOPA against AAPH-induced oxidative stress in monocytic and macrophage-like cell
culture is likely to be, at least in part, due to the direct scavenging of AAPH-radicals by
DOPA. However, the fact that DOPA did not affect all cell lines in the same way, with
respect to protection against oxidative stress, suggests that other processes are also likely to be
involved. Thus, it would appear that whilst DOPA is capable of scavenging AAPH-radicals, it
also has the ability to change the way cells respond to oxidative stress, and that these
processes may differ between cell lines.

Elevated levels of PB-DOPA are present in atherosclerotic plaques (Fu et al., 1998b; Woods
et al., 2003) and other disease conditions that result from oxidative stress, for example
cataract (Fu et al., 1998a). Therefore, the potential benefits of PB-DOPA may be relevant for
minimising the spread of oxidative stress under these conditions. This chapter has shown that
PB-DOPA can protect monocytic cells, such as those that are implicated in the formation of
atherosclerotic plaques, from peroxyl radical damage. Since atherosclerotic plaques are
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potential sources of peroxyl radicals (Upston et al., 2002), the presence of PB-DOPA may be
beneficial for protecting nearby cells and tissues from further oxidative damage. If the level of
PB-DOPA could be increased without concomitant damage to other molecules, the effect may
become enhanced, thus potentially minimising the spread of this disease.

4.5. CONCLUSION
This chapter has shown that free and PB-DOPA, either individually or in combination, can
protect monocytic and macrophage-like cell lines from AAPH-induced oxidative stress.
DOPA was also shown to be an effective radical scavenger, suggesting that the DOPAinduced protective effect is, at least in part, due to direct scavenging of AAPH-radicals. These
results, however, also suggest that more complex processes are involved, and support the
hypothesis that PB-DOPA can act as a signal, triggering an enhancement of the cellular
antioxidant defence system, enabling the cells themselves to neutralise and remove the
stressor. These findings may be particularly relevant for diseases, such as atherosclerosis, in
which PB-DOPA is present in an oxidative environment, or for the potential use of PB-DOPA
as a therapeutic for diseases involving oxidative stress.

Further studies are needed to prove whether the protective effect generated by the presence of
free and PB-DOPA is due to radical scavenging alone or due to the induction of cellular
antioxidant defences and other signal transduction pathways involved in protection against
oxidative stress. Some of these issues will be addressed in the following chapters of this thesis.
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5. Free and PB-DOPA Influence the Activity of the
Antioxidant Defence System
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5.1. INTRODUCTION
As a primary defence against oxidative stress, cells contain a complex, highly regulated
system of antioxidant defences that control the generation and activity of reactive species and
repair or remove oxidative damage (for more details see section 1.4.). Components of this
system, including antioxidants, metal sequestering proteins and proteins involved in removal
of oxidative damage, work together to minimise damage caused by reactive species, thereby
maintaining a healthy physiological state. In addition, the proteolytic system is often
considered a secondary antioxidant defence due to its involvement in the removal of protein
oxidation.

The previous chapter demonstrated that the presence of free and PB-DOPA protects
monocytic and macrophage-like cells against AAPH-induced oxidative stress. Whilst this is
likely to be, at least in part, due to direct radical sequestering activity, it is hypothesised that
DOPA, and perhaps also PB-DOPA generated by oxidative damage or through incorporation
of free DOPA, can function as signalling molecules to enhance cellular antioxidant defences.
As an initial and commonly formed product of protein oxidation (Gieseg et al., 1993),
PB-DOPA would be well placed for a role in antioxidant signalling processes, promoting a
significant up-regulation of antioxidant defences in the early stages of oxidative stress, before
extensive damage has occurred. In order to test this hypothesis, the effect of DOPA on the
activity of the enzymatic antioxidants, catalase and superoxide dismutase (SOD), and the
sacrificial antioxidant, glutathione, was investigated in human monocyte cells. The activity of
an additional enzymatic antioxidant, NAD(P)H:quinone oxidoreductase (NQO), implicated in
the detoxification of damaging quinones and thought to protect against DOPA induced
toxicity in neuronal cells (van Muiswinkel et al., 2000; Drukarch et al., 2001), was also
investigated.

In addition to the regulation of antioxidant activity, it is proposed that since PB-DOPA is a
key product of protein oxidation, it may be particularly important for the regulation of
defences targeted against protein oxidation. The majority of oxidised protein modifications
cannot be repaired, but must be removed by proteolysis (Dunlop et al., 2002), making the
proteolytic system an essential component of the cellular response against oxidative stress.
Molecular chaperones, such as the heat shock proteins, also play an important role in the
antioxidant defence system targeted against protein oxidation, enabling the cell to handle
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unfolded or misfolded proteins by aiding their refolding, sequestering them to prevent the
formation of aggregates or, if they cannot be refolded, targeting them for degradation
(Goldberg, 2003). To investigate the role of free and PB-DOPA on these defences, the rate of
protein degradation, bulk chaperone activity and the level of protein aggregation under
oxidative conditions was measured in the presence of free and PB-DOPA.

5.2. MATERIALS AND METHODS
5.2.1. Materials
RPMI 1640 medium with L-alanyl-L-glutamine and 25 mM HEPES buffer, pH 7.4, deficient
in tyrosine or leucine, was specially made by JRH Biosciences (Lenexa, Kansas, USA). All
other cell culture reagents were obtained from GibcoTM, Invitrogen (Carlsbad, CA, USA). All
culture medium was supplemented with 10% (v/v) heat inactivated foetal bovine serum
(HI-FBS) (Cambrex, Walkersville, MD, USA) and 1% (v/v) Antibiotic-Antimycotic solution
(GibcoTM). Biodegradable counting scintillant (BSC) and radiolabelled amino acids were from
Amersham Biosciences (Buckinghamshire, UK). Specifically, L-3,4-dihydroxyphenyl[3-14C]alanine (0.987 mM stock concentration; 50 µCi/mL radioactive concentration;
51.0 mCi/mmol specific activity) and L-[4,5-3H]leucine (0.015873 mM stock concentration;
1.0 mCi/mL radioactive concentration; 63 Ci/mmol specific activity) were used. Scintillation
counting was carried out in 20 mL Super polyethylene vials from PerkinElmer Life and
Analytical Sciences (Boston, MA, USA). Formic acid, mannitol, potassium dihydrogen
orthophosphate and sucrose were obtained from Ajax Finechem (Sydney, Australia);
phosphate buffered saline (PBS) tablets and Tris-hydrochloride (Tris-HCl) were from
Amresco (Solon, Ohio, USA); disodium hydrogen orthophosphate, 30% (w/v) hydrogen
peroxide (H2O2), metaphosphoric acid and trichloroacetic acid (TCA) were from BDH
Laboratory Supplies (Poole, UK); 2,2’-Azobis(amidinopropane) dihydrochloride (AAPH)
was from Cayman Chemical Company (Ann Arbor, MI, USA); bovine serum albumin (BSA),
catalase isolated from bovine liver, DOPA, ethyleneglycol-bis-(β-aminoethyl ether)
N,N,N’,N’-tetraacetic acid (EGTA), 4-(2-hydroxy-ethyl)piperazine-1-ethanesulfonic acid
(HEPES), leucine, 3,3’-methylene-bis (4-hydroxy-coumarin) (or dicoumarol), nicotinamide
adenine dinucleotide (NADH), Triton X-100 and tyrosine were from Sigma (St. Louis, MO,
USA); and 2,6-dichlorophenolindophenol sodium salt (DCPIP) was from Tokyo Chemical
Industry Co. (Tokyo, Japan).
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5.2.2. Cell Culture
THP-1 cells were maintained in culture according to the protocol described in section 2.2. For
most experiments, cells were seeded at 1.2 x 106 cells/mL in fresh culture medium and
incubated overnight at 37 ºC, 5% CO2, before experimental treatment was applied.

5.2.3. Catalase Activity Assay
Catalase activity was measured by monitoring the decomposition of H2O2, recorded as a
reduction in absorbance at 240 nm, according to the method described in Abei (1984). THP-1
cells were treated with 0-500 µM DOPA for 24 hours, or 100 µM DOPA for 0-72 hours. Cells
were harvested by centrifugation (700 x g, 10 min, 4 ºC), washed three times with PBS and
resuspended in 0.1% (v/v) Triton X-100 in 50 mM phosphate buffer, pH 7. Cells were lysed
by sonication (Sonifier 250, Branson Ultrasonics Corporation, Danbury, CT, USA; 2 x 5 sec,
50% power) and lysates centrifuged (12 000 x g, 20 min, 4 oC). The supernatant was used
immediately to measure catalase activity.

For the assay, 350 µL 30 mM H2O2 in 50 mM phosphate buffer, pH 7, was added to 700 µL
cell lysate and absorbance at 240 nm monitored for 180 seconds at room temperature on a
UV-2401PC UV-Vis Recording Spectrophotometer (Shimadzu, Kyoto, Japan). Due to the
complex kinetics of this enzyme, using the rate constant of a first-order reaction to express
catalase activity is recommended (Abei, 1984). Therefore, calculations were based on the
assumption that the breakdown of H2O2 followed first order kinetics and the rate constant (k)
was calculated according to Equation 5.1, with sec-1 units. Results were normalised to protein
concentration, as determined by the Micro BCATM protein assay (see section 2.3.1.).

Equation 5.1:
k=

A
log )
(
( 2.3
)
∆t
A
1
2

where:
A1 = absorbance at time 1
A2 = absorbance at time 2
∆t = change in time
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Two blanks, one containing 350 µL 30 mM H2O2 with 700 µL 0.1% (v/v) Triton X-100 and
the other containing 350 µL phosphate buffer with 700 µL cell lysate, were included in each
assay to ensure that all detectable decomposition was due to the activity of catalase alone. In
every assay, no change in absorbance over the specified time was seen for either blank,
confirming that the assay specifically measured the activity of catalase.

5.2.4. Superoxide Dismutase Activity Assay
SOD activity was measured using the Superoxide Dismutase Assay Kit from Cayman
Chemical (Ann Arbor, MI, USA; Cat No: 706002). Assays were carried out according to the
manufacturer’s instructions for the measurement of total SOD activity (cytosolic Cu/Zn-SOD
and mitochondrial Mn-SOD), except that multiple readings were taken and the rate of reaction
was used as a measure of activity, rather than a single end point reading.

Briefly, following treatment with 0-500 µM DOPA for 24 hours, or 100 µM DOPA for
0-72 hours, THP-1 cells were harvested by centrifugation (700 x g, 10 min, 4 ºC) and
resuspended in 20 mM HEPES buffer, pH 7.2, containing 1 mM EGTA, 210 mM mannitol
and 70 mM sucrose. Cells were lysed by sonication (Branson Sonifier 250; 2 x 10 sec,
50% power) and lysates centrifuged (1500 x g, 5 min, 4 ºC). Supernatant was stored at –80 ºC
until assayed.

The SOD assay was carried out according to the manufacturer’s instructions, with absorbance
at 450 nm measured on a Bio-Rad Microplate reader, model 3550 (Bio-Rad Laboratories,
Hercules, CA, USA). To improve reproducibility, absorbance was measured every five
minutes for 20 minutes, rather than relying on one final absorbance measure as suggested in
the instruction manual. The reaction rate was then used to calculate SOD activity from a
standard curve, according to the manufacturer’s instructions, with one unit of SOD being
defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide radical.
The use of a standard curve eliminates the issues of spontaneous dismutation that can occur,
resulting in values that are directly contributable to SOD present in the sample. Results were
normalised with protein concentration, as determined by the Micro BCATM protein assay (see
section 2.3.1.).
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5.2.5. NAD(P)H:Quinone Oxidoreductase Activity Assay
NQO activity was measured by monitoring the reduction of DCPIP, an electron acceptor, at
595 nm, according to the method described in Ernster (1967). In the presence of an activator,
in this case BSA, NQO catalyses the oxidation of NADH, transferring electrons to DCPIP,
resulting in a loss of absorbance at 595 nm. Cell lysate generally contains other components
that are capable of catalysing this reaction. To overcome this issue, dicoumarol, a specific
inhibitor of NQO, was used to determine the amount of activity that could be attributed to
NQO.

Following treatment with 0-500 µM DOPA for 24 hours, or 100 µM DOPA for 0-72 hours,
THP-1 cells were harvested by centrifugation (700 x g, 10 min, 4 ºC) and washed three times
with PBS. Cells were resuspended in ice cold 50 mM Tris-HCl, pH 7.5, and lysed by
sonication (Branson Sonifier 250, 2 x 5 sec, 50% power). Lysates were centrifuged
(18 000 x g, 10 min, 4 ºC) and supernatant used immediately in the NQO assay.

For the assay, 100 µL supernatant and 10 µL of either 50 mM Tris-HCL, pH 7.5 buffer or
50 µg/mL dicoumarol were combined, and the reaction started by the addition of 100 µL
reagent (50 mM Tris-HCl, pH 7.5 containing 0.3 mM NADH, 0.04 mM DCPIP,
0.07% (w/v) BSA). Absorbance at 595 nm was monitored on a Bio-Rad Microplate reader,
model 3550 (Bio-Rad Laboratories, Hercules, CA, USA), measuring every 15 sec for
10 minutes. The initial linear section of the curve was used to determine the rate of reaction.
The rate of reaction due specifically to NQO activity was determined by subtracting the
reaction rate obtained in the presence of dicoumarol from that obtained without dicoumarol.
From this value, and using an extinction coefficient of 2.1 x 104 M-1cm-1, NQO activity was
calculated and expressed in nmol DCPIP reduced/min. One unit of activity was defined as
1 nmol DCPIP reduced/min/mg protein. Results were normalised to protein concentration, as
determined by the Micro BCATM protein assay (see section 2.3.1.).

5.2.6. GSH/GSSG Ratio Assay
Reduced (GSH) and oxidised (GSSG) glutathione were measured using the GSH/GSSG Ratio
Assay kit (Calbiochem®, Merck, Kilsyth, Victoria, Australia; Cat. No: 371757), based on an
enzymatic recycling process involving glutathione reductase. Since GSH is readily oxidised to
GSSG, the use of glutathione reductase allows for the measurement of both GSH and GSSG,
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giving a result that reflects total glutathione. The addition of 1-methyl-2-vinylpyridinium
trifluoromethane-sulfonate (M2VP) during sample preparation rapidly scavenges GSH,
preventing its involvement in the assay through oxidation, thus allowing for the measurement
of GSSG alone.

Following treatment with 0-500 µM DOPA for 24 hours, THP-1 cells were harvested by
centrifugation (700 x g, 10 min, 4 ºC) and resuspended in PBS. From a 500 µL culture, a
200 µL aliquot was spun and resuspended in 100 µL 0.1% (v/v) Triton X-100 containing
10 µL M2VP reagent (for GSSG measurement) and a 300 µL aliquot was spun and
resuspended in 150 µL 0.1% (v/v) Triton X-100 (for total glutathione measurement). Samples
were stored at -80 ºC until assayed.

Samples were thawed, protein precipitated using ice cold 5% (w/v) metaphosphoric acid and
assay carried out according to the manufacturer’s instructions. Absorbance at 405 nm was
measured using a Helios Gamma UV-Vis Spectrophotometer (Unicam Spectrometry,
Cambridge, UK). Calculations were carried out as described in the manufacturer’s
instructions, using a standard curve to determine concentration of glutathione. Results were
then converted to amount of GSH or GSSG present, expressed in mmol, and normalised to
protein concentration, as determined by Micro BCATM protein assay (see section 2.3.1.).

5.2.7. Measurement of Cellular Protein Degradation
THP-1 cells were seeded at 1.2 x 106 cells/mL in leucine-free RPMI culture medium
containing 0.2 µCi/mL 3H-leucine. Cultures were incubated in the presence of 0 or 100 µM
DOPA for 24 hours. Cells were washed three times with PBS and resuspended in RPMI
medium containing 5 mM excess leucine. After 0-24 hours degradation, cultures were
harvested and medium collected by centrifugation (700 x g, 10 min, 4 ºC). Cells were washed
three times with PBS and lysed on ice with an equivalent volume of 0.1% (v/v) Triton X-100.

Aliquots of medium and cell lysate (810 µL) were added to 180 µL ice cold 60% (w/v) TCA
and 90 µL ice cold 0.5 mg/mL BSA and incubated on ice for 30 minutes to precipitate TCA
insoluble protein. Protein was pelleted by centrifugation (13 000 x g, 20 min, 4 ºC) and
washed with 120 µL 10% (w/v) ice cold TCA. Supernatant and wash were combined and
added to 9 mL BCS scintillation fluid to give the TCA soluble fraction. Pellets were

96

Chapter 5: Activity of the Antioxidant Defence System
redissolved overnight in 500 µL 100% formic acid and added to 9 mL scintillation fluid to
give the TCA insoluble fraction. Radioactivity was counted on a TriCarb® Liquid
Scintillation Analyzer, 1600CA (Packard Instrument Company, Meriden, CT, USA). The
level of degradation was calculated from the sum of the free radioactivity (medium + cell
lysate) expressed as a percentage of the total radioactivity. The amount of radiolabelled
protein present in the medium fraction, expressed as a percentage of total radioactivity, was
used to estimate the level of cell death.

Additional experiments were carried out as above, using 0.2 µCi/mL

14

C-DOPA in

tyrosine-free RPMI culture medium to specifically measure the degradation of
DOPA-modified protiens. Following 24 hours of labelling, cells were washed five times using
PBS containing 5 mM tyrosine, resuspended in RPMI medium containing 5 mM excess
tyrosine, and subjected to degradation and sample preparation as described above.

5.2.8. Bulk Cellular Chaperone Activity Assay
Bulk cellular chaperone activity was measured using an assay adapted from Hook and
Harding (1997) and Tummala et al. (2005), in which the rate of heat-induced protein
unfolding and aggregation is monitored at 360 nm. The presence of chaperones inhibit
unfolding, thus reducing the rate of aggregate formation.

THP-1 cells were treated with 0-500 µM DOPA and incubated for 24 hours. Cells were
harvested by centrifugation (700 x g, 10 min, 4 ºC) and resuspended in 0.1% (v/v)
Triton X-100, using 300 µL/mL cell culture. Cells were allowed to lyse on ice for 30 minutes
before protein concentration was measured using the Micro BCATM protein assay (see section
2.3.1.). Lysates were diluted to a specified protein concentration (10, 20 or 40 µg protein per
10 µL) before use in the chaperone assay.

For the assay, 10 µL diluted cell lysate was added to 200 µL 0.5 mg/mL catalase in 50 mM
phosphate buffer, pH 7, in a 96 well plate. Plates were incubated at 60 ºC and absorbance
measured at 360 nm every five minutes for one hour. A positive control, containing 10 µL
0.1% (v/v) Triton X-100, 200 µL 0.5 µg/mL catalase, was used to determine the uninhibited
rate of unfolding and a negative control, containing 10 µL cell lysate, 200 µL 50 mM
phosphate buffer, pH 7, was used to determine if any change in absorbance was due to the
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presence of cell lysate. In every assay, no absorbance change was seen for the negative
control, indicating that all detectable protein aggregation could be contributed to catalase.
Additionally, assays were carried out in the presence of BSA, without cell lysate, to ensure
that the chaperone activity was due to components of the cell lysate, not just a result of having
an additional protein added.

5.2.9. Detection of Protein Aggregation
The accumulation of fluorescent pigments following exposure to AAPH-induced oxidative
stress was used as a measure of protein aggregation. THP-1 cells were pre-treated with
0-500 µM DOPA for 24 hours before being exposed to 0 or 20 mM AAPH for a further
24 hours. Cells were harvested by centrifugation (700 x g, 10 min, 4 ºC) and resuspended in
PBS. Cells were placed into the wells of a black-walled 96 well plate (NuncTM, Roskilde,
Denmark) and cellular autofluorescence detected using a Fluoroskan Ascent FL (Labsystems,
Helsinki, Finland), with excitation/emission wavelengths of 480 nm/510 nm, 355 nm/460 nm
and 544 nm/590 nm.

5.2.10. Statistical Analysis
All experiments were carried out in triplicate. Data are given as mean ± standard deviation.
Data were compared using either one-way ANOVA or two-way ANOVA followed by posthoc Tukey test, depending on the specific parameters of the experiments. A p value of < 0.05
was considered statistically significant.

5.3. RESULTS
5.3.1. Effect of Free and PB-DOPA on Enzymatic Antioxidant Activity
Exposure of THP-1 cells to 100 µM DOPA for 24 hours significantly increased the activity of
catalase, a key cellular antioxidant (Figure 5.1A). Further increasing the concentration of
DOPA, however, decreased catalase activity to that of control cultures, or in the case of
200 µM DOPA, slightly lower than the control. The increase in catalase activity induced by
100 µM DOPA was sustained over 72 hours (Figure 5.1B).
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Figure 5.1: Catalase activity in response to free and PB-DOPA. THP-1 cells were exposed to (A) 0-500 µM
DOPA for 24 hours and (B) 100 µM DOPA for 0-72 hours in RPMI medium containing 10% (v/v) HI-FBS, 1%
(v/v) Antibiotic-Antimycotic. Catalase activity was measured by monitoring the decomposition of H2O2 and
results expressed as mean ± standard deviation. For concentration curve, one-way ANOVA p < 0.001; time
curve, one-way ANOVA p < 0.05; post hoc Tukey’s test, *p < 0.05, **p < 0.01 compared to either 0 µM or 0 hr
values.

In contrast, the activity of SOD, another key cellular antioxidant, in THP-1 cells was not
affected by the presence of DOPA at concentrations up to 500 µM (Figure 5.2A). This was a
measure of total SOD activity, including that of cytosolic Cu/Zn-SOD and mitochondrial
Mn-SOD. Furthermore, SOD activity was slightly decreased following exposure of THP-1
cells to 100 µM DOPA for 48 and 72 hours (Figure 5.2B), although this decrease was not
found to be statistically significant.
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Figure 5.2: Total superoxide dismutase activity in response to free and PB-DOPA. THP-1 cells were
exposed to (A) 0-500 µM DOPA for 24 hours and (B) 100 µM DOPA for 0-72 hours in RPMI medium
containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Total SOD activity was measured and results
expressed as mean ± standard deviation. One unit of activity is defined as the amount of enzyme needed to
exhibit 50% dismutation of the superoxide radical. No significant differences were seen using one-way ANOVA
followed by a post hoc Tukey’s test.
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The activity of NQO, a cellular antioxidant involved in detoxification of quinones, was not
altered in THP-1 cells following exposure to 100 µM DOPA, however it was significantly
increased by 200 µM DOPA (Figure 5.3A). Further increasing the concentration to 500 µM
DOPA reduced the activity level to that of the control. Over time, exposure of THP-1 cells to
200 µM DOPA caused an increase in NQO activity that peaked at 48 hours, after which the
activity reduced, almost to control levels (Figure 5.3B).
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Figure 5.3: NAD(P)H:quinone oxidoreductase activity in response to free and PB-DOPA. THP-1 cells were
exposed to (A) 0-500 µM DOPA for 24 hours and (B) 200 µM DOPA for 0-72 hours in RPMI medium
containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. NQO activity was measured and results
expressed in nmol DCPIP reduced/min/mg protein, given as mean ± standard deviation. For concentration curve,
one-way ANOVA p < 0.01; time curve, one-way ANOVA p < 0.001; post hoc Tukey’s test, *p < 0.05,
**p < 0.01, ***p < 0.001 compared to either 0 µM or 0 hours values.

5.3.2. Effect of Free and PB-DOPA on Glutathione Concentration
Increasing concentrations of DOPA had little effect on the level of glutathione, with no
significant difference found in the concentration of GSH or GSSG (Figure 5.4). GSSG levels
were particularly low, and as a result the ratio of GSH to GSSG was difficult to determine
(data not shown).
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Figure 5.4: Reduced and oxidised glutathione concentration in response to free and PB-DOPA. THP-1 cell
cultures were exposed to 0-500 µM DOPA for 24 hours in RPMI medium containing 10% (v/v) HI-FBS,
1% (v/v) Antibiotic-Antimycotic and the resulting concentrations of reduced (GSH) and oxidised (GSSG)
glutathione were measured. Results presented as mean ± standard deviation. No significant differences were seen
using one-way ANOVA followed by a post hoc Tukey’s test.

5.3.3. Effect of Free and PB-DOPA on Antioxidant Defences Targeted Against
Protein Oxidation
The key defence against protein oxidation is proteolysis, as most oxidative protein
modifications cannot be repaired, but rather must be removed from the system by degradation.
The presence of a combination of free and PB-DOPA had no effect on the rate of bulk cellular
protein degradation (Figure 5.5), with both control and DOPA exposed cultures degrading at a
similar rate over 24 hours.
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Figure 5.5: Bulk cellular protein degradation in response to free and PB-DOPA. THP-1 cells were grown in
leucine-free RPMI culture medium containing 0.2 µCi/mL 3H-leucine, and treated with 0 (control) or 100 µM
DOPA for 24 hours. Cultures were washed and protein allowed to degrade for 0-24 hours in medium
supplemented with 5 mM excess leucine. Cultures were harvested and % degradation calculated, based on the
amount of free or protein-bound leucine label. Results are expressed as mean ± standard deviation. No statistical
differences were seen between the control or DOPA exposed cultures. Cell death was below 10% for all cultures
measured.

101

Chapter 5: Activity of the Antioxidant Defence System
Previous studies have demonstrated that DOPA-modification can alter the rate of DOPAmodified protein degradation (Rodgers et al., 2002; Rodgers et al., 2004), with low level
modification causing an increase in proteolysis and high level modification causing a decrease.
In order to expand on these results, a similar time course experiment using

14

C-DOPA

labelled proteins, was carried out to assess the effect of the level of DOPA modification on
the rate of DOPA-modified proteolysis over time. Whilst previous studies have often used
very high concentrations of free DOPA to generate highly modified proteins, our particular
interest was in conditions that more closely resemble the physiological system, and therefore
examination was limited to lower levels of DOPA-modification. THP-1 cellular protein was
labelled with low concentrations (4 µM) of

14

C-DOPA, either alone, generating low level

DOPA-modification, or in the presence of 100 µM unlabelled DOPA, generating proteins
with a higher level of modification. Degradation of these modified proteins were then
compared over 24 hours (Figure 5.6). No significant difference in the rate of proteolysis was
seen, although the proteins containing a higher level of DOPA-modification were degraded at
a slightly decreased rate between 6 and 24 hours. These results suggest that the activity of the
proteolytic system was not affected by significantly increased levels of PB-DOPA, as seen in
cultures containing unlabelled DOPA, and therefore appears capable of handling large
variations in the quantity of DOPA-modified protein.
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Figure 5.6: Effect of the level of DOPA-modification on rate of DOPA-modified protein degradation.
THP-1 cells were grown in tyrosine-free RPMI culture medium containing 0.2 µCi/mL (or 4 µM) 14C-DOPA,
and treated with 0 (control) or 100 µM DOPA for 24 hours. Cultures were washed and protein allowed to
degrade for 0-24 hours in medium supplemented with 5 mM excess tyrosine. Cultures were harvested and the
% degradation calculated, based on the amount of free or protein-bound DOPA label. Results are expressed as
mean ± standard deviation. Generally, 0% degradation at time 0 is stated in the literature, however, due to
detection limitations of the current protocol and scintillation counter, this was not the case for these experiments.
No statistical differences were seen between the control or DOPA exposed cultures. Cell death was below 10%
for all cultures measured.
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Further studies were undertaken to compare the rate of proteolysis of unmodified proteins,
labelled with 3H-leucine, to that of DOPA-modified proteins, labelled with

14

C-DOPA.

However, experiments using 14C-DOPA resulted in a high level of background radioactivity,
making comparisons with 3H-leucine labelled results difficult. Since this has been extensively
studied previously, and as the main purpose of this study was to examine the effects of
PB-DOPA on the proteolytic system as a whole and not on the specific fate of the
DOPA-modified proteins, these experiments were not pursued further (results not shown).

An additional antioxidant defence targeted against oxidised proteins, and also other damaged
proteins, is the chaperone system. To examine the effects of DOPA on bulk cellular
chaperone activity, a simple assay involving the heat-induced unfolding and aggregation of
catalase was used. As the catalase solution was heated, the protein unfolded and aggregated,
resulting in an increase in the absorbance at 360 nm (Figure 5.7). The presence of cell lysate
resulted in a decrease in the rate of catalase aggregation, resulting in a diminished change in
absorbance. No change in absorbance was seen for negative control reactions, containing cell
lysate in the absence of catalase, indicating that catalase aggregation was solely responsible
for any increase in absorbance.
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Figure 5.7: Inhibition of catalase aggregation by cell lysate. Solutions containing 0.5 mg/mL catalase in the
presence of 0 or 20 µg protein from THP-1 cell lysate was heated to induce catalase unfolding and aggregation,
monitored by measuring the absorbance at 360 nm. Results given are background corrected. A negative control
containing 20 µg protein in the absence of catalase is also presented.

Control cell lysate resulted in a concentration dependent inhibition in the rate of heat-induced
catalase unfolding and subsequent aggregation, with 35%, 50% and 75% inhibition seen with
10, 20 and 40 µg cell lysate protein respectively (Figure 5.8A), indicating a significant level
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of chaperone activity. Treatment of THP-1 cells with 100 µM DOPA, for 24 hours, had no
effect on the level of inhibition, with each concentration of cell lysate causing the same
amount of inhibition as the corresponding control cell lysate. The presence of equivalent
concentrations of BSA had little or no effect on the rate of heat-induced catalase unfolding
and aggregation. Further increasing the concentration of DOPA during THP-1 cell treatment
also had no effect on the level of inhibition (Figure 5.8B), with concentrations up to 500 µM
generating the same amount of inhibition as that of the 0 µM cultures. These results indicate
that DOPA had no effect on bulk cellular chaperone activity.
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Figure 5.8: Effect of free and PB-DOPA on bulk chaperone activity. (A) 10, 20 or 40 µg protein from control
cell lysate, 100 µM DOPA, 24 hour treated cell lysate and BSA in Triton X-100 or (B) 20 µg protein from
0-500 µM DOPA, 24 hour treated cell lysate, was added to 0.5 mg/mL catalase and heat induced catalase
unfolding and aggregation was measured. All cultures were grown in RPMI medium containing 10% (v/v)
HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Results expressed as rate of protein aggregation as a percentage of
positive control (0.5 mg/mL catalase alone), given as mean ± standard deviation. One-way ANOVA, p < 0.0001
for (A) and p = 0.1884 for (B); post hoc Tukey’s test, all control and DOPA cell lysate reactions were
significantly lower than the positive control (p < 0.001 for all), no significant difference between the BSA
reactions and the positive control, *** p < 0.001 compared to the corresponding control cell lysate reaction.
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Protein aggregation, occurring as a result of oxidative modification, can lead to an increase in
fluorescent pigments, known as lipofuscin or ceroid (Yin, 1996). To investigate the effect of
PB-DOPA on the accumulation of these pigments, THP-1 cellular autofluorescence was
compared between control and AAPH-exposed cultures. At each wavelength measured,
AAPH induced an increase in THP-1 cellular autofluorescence (Figure 5.9). Pre-treatment of
THP-1 cells with DOPA, resulting in the presence of both free and PB-DOPA, significantly
reduced the level of fluorescence following exposure to AAPH. In the case of 100 µM DOPA
pre-treated cells, no difference in fluorescence was seen between control or AAPH exposed
cultures, however at higher concentrations of DOPA pre-treatment, AAPH exposed cultures
had slightly increased autofluorescence, although this increase was significantly lower than
that seen in cultures that were not pre-treated with DOPA.

5.4. DISCUSSION
The previous chapter demonstrated a role for free and PB-DOPA in protecting monocytic and
macrophage-like cells from oxidative stress. Whilst this was shown to be due, at least to some
extent, to direct radical scavenging by DOPA, it is hypothesised that PB-DOPA may be
involved in enhancing cellular antioxidant defences, thereby enabling cells to more easily
overcome oxidative stress and the sometimes subsequent oxidative damage. The purpose of
this chapter, therefore, was to examine the effect of a combination of free and PB-DOPA on
the activity or concentration of antioxidant defences, with a particular focus on those defences
that are targeted against protein oxidation.

Enzymatic antioxidants provide a key cellular defence against oxidative stress, being able to
convert reactive species into less reactive metabolites. The activity of three enzymatic
antioxidants, catalase, SOD and NQO, were examined in this study. Catalase, involved in the
conversion of hydrogen peroxide to water and oxygen, and SOD, involved in the conversion
of the superoxide radical to hydrogen peroxide and oxygen, are two common cellular
antioxidants, essential components of the cellular antioxidant defence system (reviewed in
Halliwell and Gutteridge, 1999; Davies, 2000). NQO, involved in the detoxification of toxic
quinones, is a more specific antioxidant, although still an important component of the
antioxidant defences (Ernster, 1967). In this study, free and PB-DOPA were found to
up-regulate the activity of catalase and NQO, however SOD activity was unaffected.
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Figure 5.9: Effect of free and PB-DOPA on AAPH-induced cellular autofluorescence. THP-1 cells were
pre-treated with 0-500 µM DOPA for 24 hours before being exposed to 0 or 20 mM AAPH for a further
24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic. Cellular
autofluorescence was measured at (A) ex. 355, em. 460 nm, (B) ex. 480, em. 510 nm and (C) ex. 544 nm,
em. 590 nm. Results expressed as mean ± standard deviation. One-way ANOVA, p < 0.01 for (A) and
p < 0.0001 for (B) and (C); post hoc Tukey’s test, p values for significant differences between control and
AAPH pairs indicated on graph, *p < 0.05, **p < 0.01, ***p < 0.001 compared to 0 µM DOPA/AAPH values.
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Catalase activity was slightly, but significantly, increased following exposure of THP-1 cells
to 100 µM DOPA, an increase that was sustained for up to 72 hours. Higher concentrations of
supplied DOPA, however, did not enhance catalase activity, but rather maintained or slightly
decreased the level activity compared to that of control cultures. Previous studies have
indicated that DOPA can suppress catalase activity, for example in mesencephalic cultures
(Han and Cohen, 1996), or enhance catalase activity, for example in DOPA-treated PD
patients (Chalimoniuk et al., 2004), indicating that the effect of DOPA on catalase activity is
yet to be fully understood. However, it is clear that, at least under certain circumstances, the
presence of free and PB-DOPA can trigger an increase in catalase activity.

SOD activity was unaffected by the presence of free or PB-DOPA, although a slight negative
trend was seen after 24 hours. These results conflict with some of the published literature,
with many studies demonstrating a role for DOPA in the regulation of SOD expression and
activity. For example, DOPA has been shown to up-regulate the expression of SOD-1 gene in
6OHDA lesioned rat brains (Ferrario et al., 2004) and treatment of PD patients with DOPA
can enhance SOD concentration (Blandini et al., 2003; Blandini et al., 2004) and activity
(Chalimoniuk et al., 2004; Takahata et al., 2006), although others claim there to be no
relationship between DOPA therapy and SOD activity (Bostantjopoulou et al., 1997).
Therefore, the effect of DOPA on this antioxidant also appears to be complex, and not yet
fully understood.

NQO activity was unaffected by exposure of THP-1 cells to 100 µM DOPA, however
200 µM DOPA caused a significant increase in activity. The regulation of activity was time
dependent, increasing over 48 hours, before reducing back to control levels after 72 hours in
the presence of 200 µM DOPA. Further increasing the concentration of supplied DOPA had
no significant effect on NQO activity, returning levels to only slightly above those of control
cultures. The enhanced activity of NQO is supported by previous studies, in which DOPA,
under conditions in which PB-DOPA would be generated, up-regulated NQO activity in
keratinocytes (Foppoli et al., 2005) and in primary rat astrocytes and C6 astroglioma cells, an
effect that corresponded with an increase in NQO gene and protein expression (van
Muiswinkel et al., 2000). Enhancement of NQO is particularly relevant as this enzyme is
involved in the detoxification of toxic quinones (Ernster, 1967), and has been specifically
shown to protect cells against DOPA-induced toxicity (Drukarch et al., 2001).
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In addition to enzymatic antioxidants, cells rely on sacrificial antioxidants, such as glutathione,
to directly scavenge reactive species. The concentration of reduced (GSH) and oxidised
(GSSG) glutathione were both unchanged by the presence of a combination of free and
PB-DOPA. In the literature, the effect of DOPA on GSH/GSSG concentration varies
depending on the specific experimental situations. Both GSH and GSSG levels are increased
in DOPA-treated PD patients compared to untreated PD patients (Tohgi et al., 1995).
Similarly, DOPA has been shown to up-regulate the concentration of total glutathione in
primary rat astrocytes, C6 astroglioma cells (van Muiswinkel et al., 2000), neuron/cortical
astrocyte co-cultures (Mena et al., 1997), and mesencephalic cells (Mytilineou et al., 1993;
Han et al., 1996), and has been shown to up-regulate GSSG in striatal synaptosomes (Spina
and Cohen, 1988). In contrast, DOPA reduced the level of total glutathione in SH-SY5Y
neuroblastoma cells (Martin et al., 2005). These studies were all carried out under conditions
that would result in the presence of both free and PB-DOPA and also highlight the role of
DOPA autoxidation in the regulation of glutathione levels. Whilst the experimental conditions
have differed in each case, one of the major differences is cell type, suggesting that the effect
of free and PB-DOPA is not consistent between cell types or tissues.

The above antioxidant results support the hypothesis that PB-DOPA, and perhaps free DOPA,
can enhance cellular antioxidant defences, although it is clear that not all components are
affected. Furthermore, these results also support the idea suggested in the previous chapter,
that the response to DOPA, be that free or protein-bound, may be cell specific, as some of the
results seen here are not supported by studies investigating the effect of DOPA in different
cell types.

Apart from a role in enhancing general antioxidant defences, the hypothesis of this thesis is
that PB-DOPA, being an initial and commonly formed product of protein oxidation, can
enhance the antioxidant defences targeted specifically against protein oxidation. Since most
oxidative protein modifications cannot be repaired, the proteolytic system is a pivotal
antioxidant defence involved in removing protein oxidation. The presence of PB-DOPA did
not enhance the rate of bulk cellular protein degradation, a result confirmed by previous
studies (Rodgers et al., 2002; Dunlop et al., 2008). Recent studies have also examined the
effect of DOPA on the activity of specific proteolytic proteins, such as the proteasome and
some cathepsins, indicating that higher levels of PB-DOPA can enhance the activity of
cathepsin B and L, but had no effect on the activity of the proteasome (Rodgers et al., 2004;
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Dunlop et al., 2008). Since this has been extensively studied, further research in this area was
not pursued for this thesis.

The effect of the level of DOPA-modification on the rate of DOPA-modified protein
degradation was also investigated. Although this has also been extensively studied, we were
particularly interested in examining a time course of the rate of proteolysis of
DOPA-modified proteins to determine if this was affected by increasing the level of
DOPA-modification. No significant change in the rate of DOPA-modified proteolysis was
detected over 24 hours, when comparing proteins containing very low levels of DOPA to
those containing higher levels of modification, although higher levels of PB-DOPA did
slightly decrease the rate of DOPA-modified proteolysis between 6 and 24 hours,
corresponding to the turnover of long half life proteins. The more highly modified proteins,
however, would still be considered to contain low levels of DOPA-modification, being
generated from exposure of cells to only 100 µM DOPA, as the focus of this study was
limited to proteins that closely resembled those which could be generated under physiological
conditions. Furthermore, the spectrum of modified proteins is likely to differ between the two
conditions, although this was not measured here. From these results, it can be seen that the
activity of the proteolytic system was not affected by the presence of significantly increased
levels of PB-DOPA. This indicates that the proteolytic system is capable of efficiently
handling large variations in the quantity of DOPA-modified protein, and suggests that
PB-DOPA does not function as a signal for the up-regulation of this antioxidant defence.

The DOPA-modified protein degradation results confirm those seen previously, where no
difference was seen in the degradation rate of DOPA-modified proteins generated from
exposure to 150 µM or 250 µM free DOPA (Dunlop et al., 2008), although others suggest that
DOPA-modified proteins generated from 100 µM DOPA are degraded more rapidly than less
modified proteins (Rodgers et al., 2004). The main purpose of this study, however, was to
examine the effect of PB-DOPA on the proteolytic system as a whole, rather than on the fate
of the DOPA-modified proteins themselves, so this was not pursued further.

Protein unfolding and aggregation can often occur as a consequence of protein oxidation and
has been implicated in the initiation or progression of a number of diseases. Molecular
chaperones and other related proteins are involved in the stabilisation or refolding of oxidised,
and other damaged proteins, thereby making the chaperone another important antioxidant
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defence specifically targeted against protein oxidation. The presence of cell lysate inhibited
the heat-induced unfolding and aggregation of catalase, indicating the presence of chaperones.
The inability of BSA to achieve a similar inhibition confirmed that specific chaperones in the
cell lysate were responsible for stabilising the catalase, rather than it being a result of random
protein-catalase interactions. Pre-treatment of cell lysate with free DOPA, under conditions in
which PB-DOPA would be generated, had no effect on the level of inhibition, even at high
concentrations of supplied free DOPA. These results indicate that PB-DOPA does not induce
a generalised up-regulation of chaperone concentration or activity. However, since this assay
does not detect minute changes in chaperone activity, such as would result if the activity of
only a few specific chaperones were affected, the results do not rule out a role for PB-DOPA
in the regulation of specific chaperones. A number of recent studies have demonstrated a role
for DOPA in the up-regulation of chaperone or chaperone related gene expression (Ferrario et
al., 2004; Dunlop, 2005), suggesting that PB-DOPA may in fact play a regulatory role in
relation to the chaperone system. This specific regulation by PB-DOPA will be examined in
more detail in chapter 7, where the effect of PB-DOPA on the expression of individual
proteins will be investigated.

Despite having no effect on generalised chaperone activity, the presence of free and
PB-DOPA inhibited the formation of protein aggregation induced by oxidative stress.
Fluorescent pigments, known as lipofuscin or ceroid, can accumulate during aging or as a
result of lipid and protein oxidation (Yin, 1996). AAPH is known to induce protein
fragmentation and generate high molecular weight fragments (Ma et al., 1999), and it was
thought that these aggregates, likely to be primarily composed of cross-linked proteins due to
the short time in which they were formed, may be detectable by fluorescence. The
autofluorescence of cells exposed to AAPH was significantly higher than that of control cells
at all wavelengths examined. Pre-treatment of cells with 100 µM DOPA, such that free and
PB-DOPA would be present, completely inhibited AAPH-induced formation of fluorescent
pigments, with both control and AAPH exposed cells exhibiting the same level of
autofluorescence. As the concentration of supplied DOPA was increased, the inhibitory effect
was diminished, however, even at the highest concentration of DOPA tested, the cellular
autofluorescence following AAPH exposure was still significantly lower than that seen for
control cells exposed to AAPH. DOPA alone had no effect on cellular autofluorescence,
however previous studies have indicated that higher concentrations of DOPA can induce
aggregate formation (Dunlop et al., 2008). Whilst this was not confirmed by this study, it is
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possible that this activity may be responsible for the diminished effect seen at higher
concentrations of supplied DOPA. So, whilst the results presented in this chapter do not
support a role for PB-DOPA in the regulation of proteolysis or bulk chaperone activity, the
inhibition of protein aggregation under oxidative conditions does support a role for PB-DOPA
in the regulation of antioxidant defences targeted against protein oxidation, however more
research will be needed to understand the specific nature of this role.

5.5. CONCLUSION
The presence of free and PB-DOPA up-regulated the activity of catalase and NQO, however
the activity of SOD and the concentration of reduced and oxidised glutathione remained
unchanged. These results support the hypothesis that free or PB-DOPA can enhance the
cellular antioxidant defence system, although not all components are equally affected. These
results also support the idea of a cell specific response to PB-DOPA, as some previous results
using different experimental systems do not agree with those presented here.

No evidence of a direct effect of PB-DOPA on antioxidant defences specifically targeted
against protein oxidation was seen in this study, however the presence of free and PB-DOPA
was capable of inhibiting AAPH-induced protein aggregation. The assays used in this study
were aimed at detecting a generalised effect on the proteolytic and chaperone systems, and as
such, the results do not rule out the possibility that free or PB-DOPA may have a more
targeted effect on specific components of these systems. The following chapters will attempt
to explore these specific effects in more detail.

111

Chapter 6: Transcription Factor Activation

6. Transcription Factor Activation is Not Induced by Free or
PB-DOPA
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6.1. INTRODUCTION
The outcome of many signalling pathways, including those involved in the antioxidant
defence system, is a regulation of gene or protein expression, a process that is often mediated
by transcription factors. Several transcription factors are thought to be involved in the
activation of antioxidant defences, including nuclear factor kappa enhanced binding protein
(NFκB) and activator protein-1 (AP-1) (Zhou et al., 2001). The expression and activation of
these, and other, factors can be initiated by oxidative stress or by products of oxidation,
resulting in an enhanced expression of defences capable of terminating, neutralising or
removing the initiating trigger (Galter et al., 1994). In addition, the expression of some
antioxidant defences is regulated by the antioxidant or electrophile response element (EpRE),
an enhancer DNA sequence that is responsive to a range of oxidants and other electrophiles.
Although regulation by the EpRE is still not fully understood, the transcription factors AP-1
and nuclear factor-erythroid 2 related factor 2 (Nrf2) are thought to be involved in its
activation (Nguyen et al., 2003).

In earlier chapters, free and PB-DOPA have both been shown to protect monocytic and
macrophage-like cells from oxidative stress, a process that was found to be mediated through
direct radical scavenging and through an up-regulation of the activity of certain antioxidant
defences, including catalase and NAD(P)H:quinone oxidoreductase (NQO). As a product of
protein oxidation, it is hypothesised that PB-DOPA may be capable of up-regulating
antioxidant defences through the regulation of transcription factor activity. Some supporting
evidence is currently available. For example, DOPA, under conditions which allow for the
generation of PB-DOPA, has been shown to induce the expression of a number of
transcription factors, including components of AP-1 (Kashihara et al., 1995; Svenningsson et
al., 2002) (see also section 1.5.4.2.). Additionally, the gene encoding NQO, an antioxidant
involved in the detoxification of toxic quinones (Ernster, 1967; Drukarch et al., 2001), is
known to contain an EpRE sequence in its promoter region (Favreau and Pickett, 1991).
Up-regulation of NQO activity by free and PB-DOPA, as demonstrated in this thesis (section
5.3.1.) and elsewhere (van Muiswinkel et al., 2000), suggests an EpRE activating role for
PB-DOPA, a process that may be mediated by regulation of Nrf2 or AP-1 activity.

The purpose of this chapter was to examine the effect of DOPA, under conditions in which
both free and PB-DOPA would be present, on the activity of Nrf2, AP-1 and NFκB. These
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transcription factors are maintained in the cytoplasm, unable to bind to DNA, until they are
activated, after which they translocate into the nucleus in a form that is capable of binding
DNA. In this chapter, nuclear translocation, measured using immunofluorescence microscopy,
and DNA binding capacity, measured using electromobility shift assays (EMSA), were used
as indicators of transcription factor activation.

6.2. MATERIALS AND METHODS
6.2.1. Materials
Cell culture reagents were obtained from GibcoTM, Invitrogen (Carlsbad, CA, USA). Culture
medium was supplemented with 10% (v/v) heat inactivated foetal bovine serum (HI-FBS)
(Cambrex, Walkersville, MD, USA) and 1% (v/v) Antibiotic-Antimycotic solution (GibcoTM).
Fluorescent slides were examined using a Nikon ECLIPSE TE300 inverted epifluorescence
microscope (Nikon, Tokyo, Japan) equipped with a Lambda 10-2 filter wheel from Sutter
Instruments Inc. (Novato, CA, USA), containing excitation filters suitable for DAPI,
fluorescein and tetramethylrhodamine. The filters and a triple-bandpass dichroic mirror were
supplied by Chroma Technologies (Rockingham, VT, USA). EMSA membranes were
exposed to high performance chemiluminescence film, HyperfilmTM ECL, using a
HypercassetteTM, both of which were obtained from Amersham (Buckinghamshire, UK). Film
was developed using GBX developer and replenisher and fixed using GBX fixer and
replenisher, both from Kodak (Rochester, NY, USA). 10 x TBE stock solution was prepared
using 1.0 M Tris(hydroxymethyl)aminomethane (Tris-base), 0.9 M boric acid and 0.01 M
ethylenediaminetetraacetic acid (EDTA). Ethanol (100%) and Tris-base were obtained from
Ajax Finechem (Sydney, Australia); Acrylamide/Bis, EDTA, phosphate buffered saline (PBS)
tablets, TEMED and Tween 20 were from Amresco (Solon, Ohio, USA); boric acid and
glycerol were from BDH Laboratory Supplies (Poole, UK); ammonium persulfate (APS) was
from Bio-Rad Laboratories (Hercules, CA, USA); Fluoromount G was from Southern
Biotechnology (Birmingham, AL, USA); and bovine serum albumin (BSA), 4,6-diamidino-2phenylindole (DAPI), DOPA and poly-L-lysine were from Sigma (St. Louis, MO, USA).
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6.2.2. Cell Culture
THP-1 cells were maintained in culture according to the protocol described in section 2.2.
Cells were seeded at 1 x 106 cells/mL in fresh culture medium and incubated overnight at
37 ºC, 5% CO2, before experimental treatment was applied.

6.2.3. Immunofluorescence Staining for the Detection of Transcription Factor
Nuclear Translocation
Sterile coverslips were coated with poly L-lysine for 15 minutes and allowed to dry for
two hours. THP-1 cells were seeded at 1 x 106 cells/mL onto the coverslips, and allowed to
adhere overnight before treatment with 0-500 µM DOPA for 24 hours. Following treatment,
culture medium was removed and adhered cells fixed using 2 mL ice cold 100% ethanol.
Coverslips were stored at -20 ºC.

Non-specific binding sites on the coverslips were blocked with 5% (w/v) BSA in PBS for
one hour at 37 ºC and washed three times with PBS. Primary and secondary antibodies were
diluted in 5% (w/v) BSA in PBS, according to the dilution factors outlined in Table 6.1.
Coverslips were incubated for one hour at 37 ºC with primary antibodies, washed three times
with PBS, incubated for one hour at 37 ºC with secondary antibodies and washed a further
three times with PBS. Cells were then counter stained with 1.25 µg/mL DAPI, a DNA
specific stain, for 15 minutes at room temperature in the dark. Coverslips were washed three
times with deionised water and left overnight to dry before being mounted onto microscope
slides using Fluoromount G and sealed with clear varnish.

Table 6.1: Primary and secondary antibodies used for immunofluorescent detection of transcription
factor nuclear translocation.
Transcription
Factor
Nrf2

Primary antibody

Secondary antibody

Rabbit polyclonal to Nrf2 (Abcam,
Cambridge, UK) – 1:100 dilution

Alexa Fluor® 568 Goat-anti rabbit IgG
(H + L) antibody – 1:500 dilution
(Invitrogen)

AP-1

Purified mouse anti-c-Jun (pS63)
phospho specific monoclonal (BD
Biosciences, Franklin Lakes, NJ,
USA) – 1:1000 dilution

Alexa Fluor® 488 Goat-anti mouse
IgG1 specific antibody – 1:500 dilution
(Invitrogen)

NFκB

Purified mouse anti-NF-κB p65
monoclonal (BD Biosciences)
– 1:250 dilution

Alexa Fluor® 488 Goat-anti mouse
IgG1 specific antibody – 1:500 dilution
(Invitrogen)
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Slides were examined using fluorescence microscopy. The microscope was used under
computer control by MetaMorph Software (Universal Imaging Corporation, West Chester, PA,
USA) and images taken using a MicroMax 782 12-bit CCD camera (Princeton Instruments,
Trenton, NJ, USA), cooled to -30 ºC. For every section of slide to be analysed, two images
were taken, one for DAPI fluorescence and the second for transcription factor-specific
fluorescence. The relative intensity of the transcription factor-specific fluorescence was
measured using MetaMorph in order to compare the level of transcription factor present
within cells from each of the treatment groups.

Images were processed and analysed using Image J software. Prior to analysis, images were
deconvolved with the Image J ‘DeconvolutionJ’ plugin, using a Regularised Wiener Filter
from a theoretical derived point spread function (Gonzalez and Woods, 2008). The
background was then subtracted from each image using the Image J ‘Background Subtract
from Region of Interest’ plugin and images were analysed using the Image J ‘Intensity
Correlation Analysis’ plugin to generate the Pearson’s correlation coefficient as a measure of
colocalisation (Li et al., 2004b).

6.2.4. Nuclear and Cytoplasmic Extraction
Detergent cell fractionation was used to isolate the nuclear fractions for use in the EMSA.
THP-1 cell cultures were seeded at 1.2 x 106 cells/mL and incubated overnight before treating
with 0-500 µM DOPA for 24 hours. Cultures were harvested by centrifugation (700 x g,
10 min, 4 ºC) and washed with PBS. Cell pellets were then subjected to cytoplasmic and
nuclear extraction using NE-PER® nuclear and cytoplasmic extraction reagents from Pierce
(Rockford, IL, USA) according to the manufacturer’s instructions, with the addition of 1 µL
protease inhibitor cocktail (Protease Inhibitor Cocktail for use with mammalian cell and tissue
extracts, Sigma) for 20 mg cell mass. Aliquots of each nuclear extract were taken for
determining protein concentration using BCA protein assay (section 2.3.1.). Remaining
extracts were stored at -80 ºC.

6.2.5. Electromobility Shift Assay
DNA-protein binding assays were carried out using an EMSA “Gel Shift” Kit from Panomics
(Fremont, CA, USA), according to the manufacturer’s instructions. Briefly, DNA binding
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reactions, containing 10 µg nuclear extract, 1 µL Poly d(I-C) and 1 µL biotin-end-labelled
specific transcription factor probe in 1 x binding buffer, were incubated at 15 ºC for
30 minutes in a thermal cycler (Eppendorf Mastercycler, Hamburg, Germany). Reactions
were mixed with 1 µL loading dye before loading onto a gel. The specific transcription factor
probes are described in Table 6.2.

Table 6.2: Sequences of biotin-end-labelled oligonucleotide probes used in EMSA to investigate
transcription factor DNA binding activity.
Transcription
Factor
Nrf2

Oligonucleotide sequence (5’-3’)
GCTCTTCCGGTGCTCTTCCGGT

Panomics Catalogue
Number
AY1225P

AP-1

CGCTTGATGACTCAGCCGGAA

AY1001P

NFkB

AGTTGAGGGGACTTTCCCAGGC

AY1030P

A 6% non-denaturing polyacrylamide gel (0.5 mL 10 x TBE, 2 mL 30% (v/v) Acrylamide/Bis,
312.5 µL 80% (v/v) glycerol, 7.1875 mL deionised water, 150 µL 10% (w/v) APS and 10 µL
TEMED) was prepared and electrophoresed in chilled 0.5 x TBE for 10 minutes at 120 V,
prior to loading samples into wells. Gel was then run at 4 ºC until dye front was
approximately 2.5 cm from the bottom of the gel. Samples were transferred to positively
charged nylon membranes (HybondTM-N+, Amersham, Buckinghamshire, UK), using
semidry transfer as described in section 2.3.5. using 0.5 x TBE instead of Tris-glycine buffer.
Following transfer, oligonucleotides were fixed to the membrane for one hour in a dry oven
set at 80 ºC. The membrane was blocked and oligonucleotides detected following the
manufacturer’s instructions.

6.2.6. Statistical Analysis
Data were compared using one-way ANOVA followed by a post-hoc Tukey’s test. A p value
of < 0.05 (two-tailed) was considered statistically significant.
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6.3. RESULTS
6.3.1. Transcription Factor Nuclear Translocation
Immunofluorescence microscopy was used to investigate the effect of free and PB-DOPA on
the nuclear translocation, and therefore activation, of Nrf2, AP-1 and NFκB, three
transcription factors potentially involved in PB-DOPA signalling activity. The level of
transcription factor-specific fluorescence was also used as a semi-quantitative measure of
transcription factor concentration. The total grey value (TGV) of transcription factor-specific
fluorescence images, taken using the same exposure time (anti-Nrf2 2123 ms; anti-c-Jun
1250 ms; anti-NFκB 15566 ms), were compared between treatment groups for each
transcription factor. The presence of free and PB-DOPA had no statistically significant effect
on the level of any of the transcription factors studied (Figure 6.1), although slight decreases
in the level of Nrf2 (Figure 6.1A) and AP-1 (Figure 6.1B) were seen at higher concentrations
of supplied DOPA.

Nuclear translocation of transcription factors can indicate the level of activation, as
transcription factors are generally only transported into the nucleus when in the active form.
THP-1 cells were stained for Nrf2, AP-1 and NFκB, and counter-stained using DAPI, a DNA
specific stain. Colocalisation of transcription factor-specific fluorescence with DAPI
fluorescence was measured using Image J software, generating the Pearson’s correlation
coefficient and frequency scatter plots for each image. A Pearson’s correlation coefficient of
one represents perfect correlation.

The presence of free and PB-DOPA did not induce nuclear translocation of Nrf2 (Figure 6.2
and 6.3), AP-1 (Figure 6.4 and 6.5) or NFκB (Figure 6.6 and 6.7). The frequency scatter plots
show no correlation between transcription factor-specific and DAPI fluorescence
(Figure 6.3A, 6.5A and 6.7A) and no differences were seen between the treatment groups for
any of the three transcription factors studied. The Pearson’s correlation coefficient for Nrf2
and AP-1 (Figure 6.3B and 6.5B) remained close to zero for all concentrations of supplied
DOPA, however a slight, but not significant, positive trend was seen for NFκB as the
concentration of supplied DOPA increased (Figure 6.7B), although the values here were quite
variable.
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Figure 6.1: Effect of free and PB-DOPA on the intensity of transcription factor-specific fluorescence in
THP-1 cells. THP-1 cells were treated with 0-500 µM DOPA for 24 hours in RPMI medium containing
10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic before the presence of the transcription factors Nrf2, AP-1
and NFκB were detected using immunofluorescence microscopy. Fluorescence intensity specific for Nrf2 (A),
AP-1 (B) or NFκB (C) was measured using MetaMorph software. Data presented as mean total grey value (TGV)
± standard deviation. Due to differences in abundance of cells on slides, some images had more than one cell.
These were analysed individually, resulting in a greater sample size for some treatment groups, indicated as ‘n’
on the graphs. One-way ANOVA p < 0.01 for (A), p < 0.001 for (B) and p = 0.06330 for (C); post hoc Tukey’s
test, no significant differences seen.
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Figure 6.2: Immunofluorescence microscopy images for Nrf2 analysis. THP-1 cells were treated with
0-500 µM DOPA for 24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic.
Nrf2 was detected using immunofluorescence microscopy, counter-staining with DAPI. Images were
deconvolved as described in section 6.2.3. and merged images were generated using Image J software. Images
are representative of at least 15 images, and were taken using 100 x objective. Scale is identical for all images.

120

Chapter 6: Transcription Factor Activation

A
0 µM DOPA

100 µM DOPA

200 µM DOPA

500 µM DOPA

Pearson's Correlation Coefficient

B
1.0

0.5

0.0

-0.5

-1.0

0

100

200

500

DOPA Concentration (µ
µ M)

Figure 6.3: Measurement of Nrf2 nuclear translocation using intensity correlation analysis.
Immunofluorescence microscopy images generated from THP-1 cells treated with 0-500 µM DOPA for 24 hours
in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic, stained with anti-Nrf2
antibodies and DAPI, were analysed using the Image J Intensity Correlation Analysis plugin. Images were
deconvolved as described in section 6.2.3. prior to analysis. (A) Frequency scatter plots indicating the correlation
between red (anti-Nrf2) and blue (DAPI) fluorescence, graphs shown are representative of the results generated
from at least 15 images for each treatment group. (B) Pearson’s correlation coefficients, data presented as
individual values with lines indicating average values.
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Figure 6.4: Immunofluorescence microscopy images for AP-1 analysis. THP-1 cells were treated with
0-500 µM DOPA for 24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic.
AP-1 was detected using immunofluorescence microscopy, counter-staining with DAPI. Images were
deconvolved as described in section 6.2.3. and merged images were generated using Image J software. Images
are representative of at least 15 images, and were taken using 100 x objective. Scale is identical for all images.
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Figure 6.5: Measurement of AP-1 nuclear translocation using intensity correlation analysis.
Immunofluorescence microscopy images generated from THP-1 cells treated with 0-500 µM DOPA for 24 hours
in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic, stained with anti-c-Jun
antibodies and DAPI, were analysed using the Image J Intensity Correlation Analysis plugin. Images were
deconvolved as described in section 6.2.3. prior to analysis. (A) Frequency scatter plots indicating the correlation
between green (anti-c-Jun) and blue (DAPI) fluorescence, graphs shown are representative of the results
generated from at least 15 images for each treatment group. (B) Pearson’s correlation coefficients, data presented
as individual values with lines indicating average values.
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Figure 6.6: Immunofluorescence microscopy images for NFκB analysis. THP-1 cells were treated with
0-500 µM DOPA for 24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic.
NFκB was detected using immunofluorescence microscopy, counter-staining with DAPI. Images were
deconvolved as described in section 6.2.3. and merged images were generated using Image J software. Images
are representative of at least 15 images, and were taken using 100 x objective. Scale is identical for all images.
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Figure 6.7: Measurement of NFκB nuclear translocation using intensity correlation analysis.
Immunofluorescence microscopy images generated from THP-1 cells treated with 0-500 µM DOPA for 24 hours
in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic, stained with anti-NFκB
antibodies and DAPI, were analysed using the Image J Intensity Correlation Analysis plugin. Images were
deconvolved as described in section 6.2.3. prior to analysis. (A) Frequency scatter plots indicating the correlation
between green (anti-NFκB) and blue (DAPI) fluorescence, graphs shown are representative of the results
generated from at least 15 images for each treatment group. (B) Pearson’s correlation coefficients, data presented
as individual values with lines indicating average values.
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6.3.2. Transcription Factor DNA Binding Activity

The effect of free and PB-DOPA on the DNA binding capacity of the transcription factors
Nrf2, AP-1 and NFκB were examined using EMSA. Nuclear extracts from THP-1 cells
treated with 0-500 µM DOPA, under conditions in which PB-DOPA would be generated,
were incubated in the presence of DNA probes containing binding sequences specific for the
transcription factors. No Nrf2 capable of binding to the Nrf2-specific probe was detected in
any of the nuclear extracts examined (Figure 6.8A), indicating that the presence of free and
PB-DOPA had no effect on the DNA binding capacity of this transcription factor. Active
forms of AP-1 and NFκB, capable of binding to the specific probes, were detected in all
nuclear extracts, however the presence of free and PB-DOPA did not have any effect on the
level of DNA binding (Figure 6.8B and 6.8C, respectively). These results confirm the above
immunofluorescence microscopy results, indicating that free and PB-DOPA do not have a
significant effect on the nuclear translocation or DNA binding capacity of the three
transcription factors examined.

6.4. DISCUSSION

Enhanced levels of oxidative stress can trigger a number of signalling processes, often
resulting in the regulation of gene and protein expression. Activation of transcription factors,
such as NFκB or AP-1, is an essential part of this process. Antioxidant defences are also
triggered through the EpRE, thought to be achieved by activation of the transcription factors
Nrf2 and AP-1 (Nguyen et al., 2003). Many oxidants and products of oxidation can trigger
these processes, resulting in an enhanced rate of neutralisation, termination or removal of the
initiating trigger (Galter et al., 1994). PB-DOPA, being a product of protein oxidation, may be
capable of functioning as a signalling molecule, triggering an enhancement of antioxidant
defences through the activation of transcription factors. To test this hypothesis, the effect of
PB-DOPA, generated by exposure of THP-1 cells to free DOPA, on the activity of three key
transcription factors, Nfr2, AP-1 and NFκB, was investigated.

In this study, nuclear translocation and DNA binding capacity were used as indicators of
transcription factor activation. Nrf2 is bound to Keap 1 in the cytoplasm, maintaining it in an
inactive form. Once induced to activate, Keap 1 dissociates from Nrf2, allowing it to move
into the nucleus in its active form (Itoh et al., 1999). Similarly, NFκB is maintained in the
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Figure 6.8: Effect of free and PB-DOPA on the activity and DNA binding capacity of Nrf2, AP-1 and
NFκB, detected using EMSA. Nuclear extracts, prepared from THP-1 cells treated with 0-500 µM DOPA for
24 hours in RPMI medium containing 10% (v/v) HI-FBS, 1% (v/v) Antibiotic-Antimycotic, were incubated in
the presence of DNA probes containing binding sequences specific for (A) Nrf2, (B) AP-1 and (C) NFκB.
Reactions were separated on 6% non-denaturing polyacrylamide gels, transferred to positively charged nylon
membranes and the location of the probe detected using chemiluminescence. 10 µg protein separated per lane;
Lane 1 - probe only, 2 - 0µM DOPA, 3 - 100 µM DOPA, 4 - 200 µM DOPA, 5 - 500 µM, C - control HeLa cell
nuclear extract with specific control probe (supplied with the EMSA kit as a positive control).
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cytoplasm in an inactive form, bound to IκB. Once activation is induced, IκB dissociates,
allowing the active form of NFκB to move into the nucleus (Baeuerle and Baltimore, 1988).
Components involved in the formation of AP-1, such as the fos and jun family of proteins,
interact together in the cytoplasm forming homo- or hetero-dimers, which are then capable of
moving into the nucleus (Chinenov and Kerppola, 2001). In each case, the inducing trigger
causes translocation of the transcription factor into the nucleus in a form that would be
capable of binding DNA, making measurements of translocation and DNA binding activity
good indicators of transcription factor activation.

Exposure of THP-1 cells to DOPA, under conditions shown previously (chapter 3) to result in
the generation of PB-DOPA, did not significantly affect the overall concentration of Nrf2,
AP-1 or NFκB in THP-1 cells, as measured by a comparison between the relative intensity of
transcription factor-specific fluorescence of each treatment group. These results indicate that a
combination of free and PB-DOPA was unable to up-regulate the expression of these
transcription factors. Previous studies have shown that acute and chronic administration of
free DOPA, resulting in the generation of PB-DOPA, can up-regulate fos and jun proteins in
Parkinson’s disease animal models (Cole et al., 1993; Svenningsson et al., 2002). Such
regulation was not seen in this study, suggesting that DOPA-induced regulation of these
proteins may depend on various factors, such as specific cell type or the presence of
Parkinsonian symptoms. Therefore, the role of PB-DOPA in the regulation of transcription
factor expression is likely to be relatively complex and as such more research will be needed
in order to identify the specifics of this activity.

The presence of free and PB-DOPA did not induce nuclear translocation of Nrf2, AP-1 or
NFκB. This was demonstrated using immunofluorescence microscopy, measuring the
correlation of transcription factor-specific fluorescence with DNA-specific, or DAPI
fluorescence. The presence of free and PB-DOPA did not significantly alter the level of
colocalisation for any of the transcription factors examined. Slight changes, however, were
detected with a small shift out of the nucleus seen for Nrf2 and AP-1 at higher concentrations
of supplied DOPA and a slight, concentration-dependent shift into the nucleus seen for NFκB.
These results indicate that free and PB-DOPA do not significantly induce nuclear
translocation of Nrf2, AP-1 or NFκB.
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Free and PB-DOPA also had no effect on Nrf2, AP-1 or NFκB DNA binding capacity,
examined through the use of EMSA. There was no Nrf2 capable of binding to DNA detected
in the nuclear fraction of any treatment group, suggesting that it was either present at very a
low level in the nucleus or the Nrf2 probe was not able to bind efficiently to Nrf2 in this study.
DNA binding of AP-1 and NFκB was detected in the nuclear fractions, indicating that these
transcription factors were present in the nucleus in active forms, however increasing
concentrations of DOPA had no effect on the level of either AP-1 or NFκB DNA binding.
The results presented in this chapter suggest that PB-DOPA is not involved in the activation
of Nrf2, AP-1 or NFκB, and therefore PB-DOPA is unlikely to be inducing enhanced
antioxidant defences through processes involving these factors. However, these results do not
rule out the possibility that PB-DOPA could function through the activation of other
transcription factors, as some factors besides those examined in this study, such as p53
(Martindale and Holbrook, 2002), may also be involved in antioxidant activation.
Furthermore, these results do not necessarily indicate that PB-DOPA cannot influence the
EpRE, however it appears unlikely that this activation is through either Nrf2 or AP-1 activity.
The up-regulation of NQO activity, seen in the previous chapter, supports the hypothesis that
activation of the EpRE is one mechanism by which PB-DOPA could function as a signalling
molecule, as NQO gene expression is known to be regulated by the EpRE. Other mechanisms,
therefore, appear more likely to be involved in the potential activation of this regulatory
element by PB-DOPA, such as direct interaction or regulation of inhibitors as has been seen
for other EpRE inducers (Moran et al., 2002), rather than activation of these transcription
factors. Further research will be needed to identify the mechanisms by which free or PBDOPA were able to regulate the expression of NQO.

6.5. CONCLUSION

The presence of free and PB-DOPA was not found to up-regulate the expression of
transcription factors Nrf2, AP-1 or NFκB in THP-1 cells. Furthermore, free and PB-DOPA
did not induce nuclear translocation or affect the DNA binding capacity of these transcription
factors. Therefore, the results presented in this chapter indicate that PB-DOPA was unable to
activate Nrf2, AP-1 or NFκB, and as such, these factors are unlikely to be involved in
PB-DOPA induced enhancement of antioxidant defences.
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7. Differential Protein Expression in Response to Free and
PB-DOPA
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7.1. INTRODUCTION

Oxidative stress, and the sometimes subsequent damage, frequently occurs in biological
systems and has been implicated in a number of diseases including atherosclerosis,
cataractogenesis, Alzheimer’s disease and some cancers. Oxidative stress regulates the
activity of various enzymes and transcription factors through the activation of numerous
signalling pathways, many of which result in a change in the pattern of gene and protein
expression, enabling cells to respond to the stress (Seong et al., 2002). A number of
antioxidant defence mechanisms are known to be regulated by these signalling pathways, both
at the gene and protein level. These defences can be triggered under certain conditions by
numerous oxidants, including reactive oxygen and nitrogen species (Martindale and Holbrook,
2002), and products of oxidative reactions, including hydroperoxides (Ishii et al., 1993) and
unfolded proteins (McDuffee et al., 1997).

Free DOPA, and potentially PB-DOPA, are known to induce a number of gene and protein
expressional changes in a variety of physiological systems, including animal and in vitro
models associated with Parkinson’s disease (PD), and in vivo in response to DOPA treatment
of PD (for detailed review, see section 1.5.4.). For example, DOPA treatment has been shown
to induce the expression of a number of proteins, including intracellular signalling molecules,
enzymic antioxidants, proteolytic proteins and molecular chaperones, in the striatum of
6-hydroxydopamine lesioned rat brain (Ferrario et al., 2004), a widely used PD animal model.
Whilst many changes have been identified, there is still little known about the effect of DOPA
on protein expression and how this may affect the physiological system as a whole,
particularly since little investigation has been based on conditions outside of neurological
cells or systems. In most cases, it is also unknown whether DOPA itself or PB-DOPA,
generated as a result of protein synthesis, is responsible for subsequently triggered events.

It is hypothesised that the generation of PB-DOPA triggers an enhancement of cellular
antioxidant defence mechanisms through the regulation of gene and protein expression. Of
these antioxidant defences, it is thought that PB-DOPA may have a significant role in
regulating the defences that specifically target protein oxidation, such as chaperones and
proteolytic proteins. This would enable PB-DOPA to firstly restrict and then potentially
terminate the initiating oxidative stress to proteins and to regulate the repair or removal of
protein oxidative damage. The aim of this study was to investigate the effects of both free and
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PB-DOPA on protein expression, with a particular focus on those changes induced by
enhanced generation of PB-DOPA. Whilst this investigation was looking for any significant
expressional changes, we were most interested in the expression of proteins involved in
antioxidant defences, in particular enzymatic antioxidants, chaperones and proteolytic
proteins that are specifically involved in the repair or removal of oxidatively modified
proteins.

To achieve this aim, the effect of free and PB-DOPA on protein expression in the human
monocyte/macrophage cell line, THP-1, was examined using two-dimensional gel
electrophoresis and differentially expressed proteins subsequently identified by MALDI-TOF
mass spectrometry. To specifically focus on the effects of PB-DOPA, experiments were
carried out in the absence of tyrosine, thus maximising the incorporation of DOPA into
protein by removing the competitive effect of the parent amino acid. In doing this, however, it
is important to note that several studies have shown that depletion of amino acids can itself
alter gene expression (Jousse et al., 2000; Meadows et al., 2001), and as such caution must be
taken when drawing conclusions from these results.

7.2. MATERIALS AND METHODS
7.2.1. Materials

RPMI 1640 medium with L-alanyl-L-glutamine and 25 mM HEPES buffer, pH 7.4, deficient
in tyrosine, was specially made by JRH Biosciences (Lenexa, Kansas, USA). All other cell
culture reagents were obtained from GibcoTM, Invitrogen (Carlsbad, CA, USA). Culture
medium was supplemented with 10% (v/v) heat inactivated foetal bovine serum (HI-FBS)
(Cambrex, Walkersville, MD, USA) and 1% (v/v) Antibiotic-Antimycotic solution (GibcoTM).
Unless otherwise stated, all electrophoresis reagents, including Bio-Lyte® 3/10 Ampholyte
solution, were obtained from Bio-Rad Laboratories (Hercules, CA, USA). Bromophenol blue,
glacial acetic acid, methanol and Tris-hydrochloric acid (Tris-HCl) were obtained from Ajax
Finechem (Sydney, Australia); phosphate buffered saline (PBS) tablets and urea were from
Amresco (Solon, Ohio, USA); glycerol was from BDH Laboratory Supplies (Poole, UK);
Cleland’s Reagent or dithiothreitol (DTT) was from Calbiochem (La Jolla, CA, USA); Novex
4-20% Tris-glycine ZOOMTM gels and SeeBlue molecular weight markers were from
Invitrogen (Carlsbad, CA, USA); SYPRO® Ruby protein gel stain was from Molecular
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ProbesTM

(Eugene,

OR,

USA);

and

3-[(3-cholamidopropyl)-dimethylammonio]-1-

propanesulfonate (CHAPS), DOPA, phorbol 12-myristate 13-acetate (PMA), iodoacetamide
and ribonuclease A were from Sigma (St. Louis, MO, USA).

7.2.2. Cell Culture

THP-1 cells were cultured according to the protocol described in the section 2.2. Cell number
and viability were determined using Trypan blue exclusion as described in section 2.2.3. For
non-differentiated THP-1 sample preparation, cells were seeded at 1.2 x 106 cells/mL in fresh
culture medium and incubated overnight. Cultures were then treated with 0 or 100 µM DOPA
for 24 hours. Alternatively, cells were seeded at 1.2 x 106 cells/mL in fresh culture medium
and differentiated with 50 ng/mL PMA, for 72 hours. Culture medium was replaced with
fresh medium containing PMA before differentiated cells were treated with 0 or 100 µM
DOPA for 24 hours. Further experiments were carried out exactly as above in tyrosine-free
culture medium, with cells being washed three times with PBS prior to suspension in the
tyrosine-free medium.

Following treatment, cultures were harvested by centrifugation (700 x g, 10 min, 4 ºC) and
the cell pellet washed three times with PBS. Pellets were snap frozen using dry ice and
acetone, and stored at -80 ºC prior to separation.

7.2.3. Separation of Protein by Two-Dimensional Gel Electrophoresis

Cell pellets were resuspended in rehydration buffer (8.3 M urea, 2% (w/v) CHAPS, 50 mM
DTT, 0.2% (v/v) Biolytes 3-10, 0.001% (w/v) bromophenol blue in water) and 150 U/200 µL
ribonuclease A added. Samples were vortexed and incubated at room temperature for
20 minutes before centrifugation (13000 x g, 15 min, 4 ºC). Protein concentration of the
supernatant was measured using a turbidimetric protein assay (see section 2.3.2.). For each
sample, 170 µg protein was loaded onto a 7 cm precast ReadyStripTM pH 3-10 immobilised
pH gradient gel (IPG) strip, and strips subjected to active rehydration at 50 V for 20 hours in a
Protean IEF Cell (Bio-Rad). Each sample was carried out in triplicate.
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Following rehydration, proteins were separated in the Protean IEF Cell according to the
following protocol, after which, strips were stored at -80 ºC:

Step 1 – 250 V, 15 min
Step 2 – RAPID ramp to 4000 V for 2 hours
Step 3 – 4000 V, 80 000 Volthours
Step 4 – Maintained at 500 V

IEF strips were thawed and equilibrated for 10 minutes in equilibration buffer 1 (6 M urea,
2% (w/v) sodium dodecyl sulfate (SDS), 0.375 M Tris-HCl pH 8.8, 20% (v/v) glycerol,
130 mM DTT), followed by 10 minutes in equilibration buffer 2 (6 M urea, 2% (w/v) SDS,
0.375 M Tris-HCl pH 8.8, 20% (v/v) glycerol, 135 mM iodoacetamide). Strips were then
loaded onto pre-cast Novex 4-20% Tris-glycine ZOOMTM gels and subjected to
electrophoresis at 125 V for 110 minutes. SeeBlue molecular weight markers were used to
monitor protein size.

Following separation, gels were fixed with 50% (v/v) methanol, 7% (v/v) glacial acetic acid
in distilled water (2 x 30 min) and stained with SYPRO Ruby protein gel stain for 16 hours.
Gels were washed with 10% (v/v) methanol, 7% (v/v) glacial acetic acid in distilled water for
30 minutes, followed by two five minute washes with distilled water before being imaged
using a Gel Doc 1000 (Bio-Rad). Gels were secondarily stained with colloidal Coomassie
blue (see section 2.3.4.) and scanned using an Epson Perfection 2450 PHOTO scanner (Epson,
Nagano, Japan).

7.2.4. PDQuest Analysis of Differential Protein Expression

Gel image analysis was performed on cropped images using The Discovery Series PDQuest
2-D Gel Analysis Software, Version 7.1.0 (Bio-Rad). Protein spots were detected in each of
the gel images and intensity normalised to total spot intensity for each specific image.
Normalised spot intensities were compared between control and DOPA treated replicate
groups, each containing three separate gels. Differentially expressed protein spots were
identified using a factor of two cut-off for up- or down-regulation, or a factor of ten cut-off
for switching a protein on or off. Statistical analysis was carried out between the two replicate
groups, using a Student’s t-test with a p value of < 0.1 considered statistically significant.
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7.2.5. Protein Identification Using Matrix Assisted Laser Desorption IonisationTime of Flight Peptide Mass Fingerprinting (MALDI-TOF PMF)

Differential protein spots were excised from the gel and dehydrated using a Savant Speed
Vac® Plus, SC110A (Thermo Scientific, Waltham, MA, USA). Gel pieces were then sent to
the Save Sight Institute, Sydney, NSW, Australia for MALDI mass spectrometry (MS)
analysis.

Gel pieces were washed three times with 50% (v/v) acetonitrile, 25 mM ammonium
bicarbonate (NH4HCO3), pH 7.8 at 37 ºC, and dehydrated using a Speed Vac®. Protein was
digested using 120 ng trypsin (Promega, Madison, WI, USA) in 25 mM NH4HCO3, pH 7.8,
using a final volume of 20 µL per gel piece. Digests were incubated overnight at 37 ºC and
then sonicated for 15 minutes to extract the peptides from the gel.

Peptides were concentrated and desalted using Eppendorf PerfectPure C18 tips (Eppendorf,
Hamburg, Germany), eluting in 0.5 µL MALDI matrix (alpha-cyano-4-hydroxycinnamic acid,
8mg/mL in 70% (v/v) acetonitrile, 1 % (v/v) trifluoroacetic acid). Samples were placed onto
the MALDI target and allowed to air dry. MALDI MS was performed with a Shimadzu TOF2
TOF/TOF Mass Spectrometer (Shimadzu, Kyoto, Japan), using a nitrogen laser (337 nm) to
irradiate the sample. Spectra were acquired in reflectron mode, with a mass range of
700-5000 Da. Up to six peptides were automatically selected for tandem MS (MS/MS)
analysis. A near point external calibration was applied to all samples.

Peak lists corresponding to the MALDI-TOF PMF and the MS/MS spectra, were received
from the Save Sight Institute for database searching. MALDI-TOF PMF data were searched
against the Swiss-Prot database (Swiss Institute of Bioinformatics; Release 54.2,
283454 sequences, 11845 Homo sapiens sequences) using the ExPASy Aldente Peptide Mass
Fingerprinting tool (http://www.expasy.org/cgi-bin/aldente/form.cgi; version 18/09/2007).
Searches were carried out with a mass error of 100 ppm, limiting to Homo sapiens and
allowing for oxidised methionine or a created DOPA modification (tyrosine + 16).

MS/MS data were searched against the Swiss-Prot database using Matrix Science MASCOT
MS/MS Ions Search tool (http://www.matrixscience.com/cgi/search_form.pI?FORMVER
=2&SEARCH=MIS; ©2006). Searches were carried out with a peptide tolerance of 0.8 Da
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and MS/MS tolerance of 0.5 Da, limiting to Homo sapiens and allowing for one missed
cleavage, oxidised methionine or oxidised tyrosine.

7.2.6. Statistical Analysis

Spot intensities were compared in PDQuest using a Student’s t-test, as described earlier. A
p value of < 0.1 was considered statistically significant. The statistical significance of
MALDI-TOF PMF and MS/MS protein matches were determined using the threshold scores
generated by the ExPASy Aldente Peptide Mass Fingerprinting tool or the Matrix Science
MASCOT MS/MS Ions Search tool respectively.

7.3. RESULTS
7.3.1. Differential Protein Expression in Response to Free and PB-DOPA

Two-dimensional protein profiles were created for non-differentiated and differentiated
THP-1 cellular protein (Figure 7.1 and 7.2, respectively). In both cases, SYPRO ruby staining
resulted in more sensitive spot detection compared to colloidal Coomassie staining (results
not shown), so the SYRPO ruby images were used for spot analysis. For the
non-differentiated THP-1 cellular protein profiles, only two SYPRO ruby control images were
able to be used, as one image was corrupt. Analysis of the SYPRO ruby images was, therefore,
confirmed using the colloidal Coomassie images, in which all three control images were able
to be compared. Results from both analyses were consistent with each other.

Gel image analysis was performed on cropped images (Figures 7.3 and 7.4) using PDQuest
software. A number of differentially expressed protein spots were detected in both the
non-differentiated and differentiated THP-1 protein profiles, the intensities of which are
summarised in Table 7.1 and 7.2.

In the non-differentiated THP-1 protein profiles, seven spots, SSP 5804, 8301, 8302, 8701,
8703, 8805 and 9501 were found to be up-regulated in the DOPA exposed conditions. Of
these, spots SSP 5804, 8301, 8302 and 8703 were found to be statistically significant between
the two conditions. The seven spots, shown in Figure 7.5, were excised from the gel for
protein identification.
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Figure 7.1: Two-dimensional gel electrophoresis protein profiles of control and DOPA treated THP-1 cells.
THP-1 cells were grown in normal RPMI culture medium, containing 110 µM tyrosine, under control conditions
(A) or in the presence of 100 µM DOPA (B) for 24 hours. Cellular proteins were separated by 2D-PAGE, using
7 cm IPG strips, pH 3-10 and 4-12% ZOOM Tris-glycine gels. 170 µg protein separated per strip, gels stained
with SYPRO Ruby.
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Figure 7.2: Two-dimensional gel electrophoresis protein profiles of control and DOPA treated
differentiated THP-1 cells. THP-1 cells were differentiated using 50 ng/mL PMA for three days and then
grown in normal RPMI culture medium, containing 110 µM tyrosine, under control conditions (A) or in the
presence of 100 µM DOPA (B) for 24 hours. Cellular proteins were separated by 2D-PAGE, using 7 cm IPG
strips, pH 3-10 and 4-12% ZOOM Tris-glycine gels. 170 µg protein separated per strip, gels stained with
SYPRO Ruby.
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Figure 7.3: Cropped THP-1 cellular protein profiles used for PDQuest analysis. 2D-PAGE images from
Control (A) and 100 µM DOPA treated (B) THP-1 cells were cropped and analysed using PDQuest software.
Differentially expressed protein spots are indicated with arrows, labelled with the specific SSP identification
number.
Table 7.1. Summary of differentially expressed proteins in THP-1 cells exposed to 100 µM DOPA.
Statistical analysis was carried out using spot intensities obtained from colloidal Coomassie blue images.
p values obtained from Student’s t-test are shown in parentheses.
Spot no.
5804
8301
8302
8701
8703
8805
9501

Fold change
4.39 (p = 0.0975)
2.12 (p = 0.0023)
2.32 (p = 0.0175)
2.01 (p = 0.2860)
2.61 (p = 0.0211)
2.32 (p = 0.1087)
2.71 (p = 0.1828)
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Figure 7.4: Cropped differentiated THP-1 cellular protein profiles used for PDQuest analysis. 2D-PAGE
images from Control (A) and 100 µM DOPA treated (B) differentiated THP-1 cells were cropped and analysed
using PDQuest software. Differentially expressed protein spots are indicated with arrows, labelled with the
specific SSP identification number.

Table 7.2. Summary of differentially expressed proteins in differentiated THP-1 cells exposed to 100 µM
DOPA. Statistical analysis was carried out using spot intensities obtained from SYPRO Ruby images. p values
obtained from Student’s t-test are shown in parentheses.
Spot no.
5602
5604
6604
7201

Fold change
0.34 (p = 0.0934)
0.41 (p = 0.0872)
2.09 (p = 0.0150)
0.46 (p = 0.0018)
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Figure 7.5: Differential protein spots identified in control and DOPA treated THP-1 cells. PDQuest
analysis of THP-1 protein 2D-PAGE images identified seven differentially expressed protein spots when cells
were grown in the presence of 100 µM DOPA. Of these spots, SSP 5804, 8301, 8302, 8701, 8703, 8805 and
9501 were up-regulated in DOPA exposed cultures and SSP 5804, 8301, 8302 and 8703 intensities were
statistically different between the two conditions, with Student’s t-test p < 0.1.

In the differentiated THP-1 protein profiles, spot SSP 6604 was found to be up-regulated and
three spots, SSP 5602, 5604 and 7201, were found to be down-regulated in DOPA exposed
cultures. The intensity of all four spots was significantly different between the two conditions.
The four spots, shown in Figure 7.6, were excised from the gel for protein identification.

7.3.2. Identification of Differentially Expressed Proteins Induced by Free and
PB-DOPA Using MALDI-TOF PMF and MS/MS

The eleven protein spots identified as being differentially expressed were excised from the
2D-PAGE gels and analysed using MALDI-TOF PMF and MS/MS. From the
non-differentiated THP-1 2D-PAGE profiles, all differentially expressed protein spots from
both the control and DOPA gels were analysed, with the exception of SSP 5804 which was
too faint to be excised from the control gel. From the differentiated THP-1 2D-PAGE profiles,
only SSP 6604 was able to be excised from gels of both conditions, with SSP 5602 and 5604
being too faint for excision from the DOPA gel and SSP 7201 too faint to be removed from
the control gel.
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Figure 7.6: Differential protein spots identified in control and DOPA treated differentiated THP-1 cells.
PDQuest analysis of differentiated THP-1 protein 2D-PAGE images identified four differentially expressed
protein spots when cells were grown in the presence of 100 µM DOPA. Of these spots, SSP 6604 was
up-regulated in DOPA exposed cultures and SSP 5602, 5604 and 7201 were down-regulated in DOPA exposed
conditions. The intensities of all spots were statistically different between the two conditions, with Student’s
t-test p < 0.1.

Of the proteins analysed by MALDI-TOF PMF, seven were successfully identified with high
confidence matches, as determined using the ExPASy Aldente PMF tool (Table 7.3). For the
unidentified proteins, most of the possible matches were very high molecular weight proteins,
so searches were restricted to lower molecular weights, based on the gel position of the
corresponding spot, to improve the chance of finding a positive identification. One additional
protein was identified with high confidence using this method. For the other ten proteins, the
most probable matches are recorded in Table 7.3.

Of the MS/MS spectra, 26 were positively identified (Table 7.4), providing identification for
14 of the excised protein spots. These results confirmed six of the eight high confidence PMF
matches and also confirmed eight of the putative PMF matches. Where analysis was carried
out on spots obtained from control and DOPA gels, the identified proteins corresponded in all
cases, indicating that the PDQuest analysis was comparing the same protein from the different
protein profiles. Two spots from the differentiated THP-1 protein profile, SSP 5602 and 5604,
were both identified as the same protein.
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From the MS data, all differentially expressed proteins were identified. The presence of free
and PB-DOPA up-regulated the expression of T-complex protein 1 subunit alpha,
GTP-binding nuclear protein Ran, carbonic anhydrase 2, alpha-enolase, adenylyl cyclaseassociated

protein

1,

catalase

and

glyceraldehyde-3-phosphate

dehydrogenase

in

non-differentiated THP-1 cells. In differentiated THP-1 cells, free and PB-DOPA
up-regulated the expression of 78 kDa glucose regulated protein and down-regulated the
expression of pyruvate kinase isozymes M1/M2 and Wilms’ tumor 1-associated protein in
differentiated THP-1 cells.

Table 7.3: Differentially expressed THP-1 cellular proteins following 24 hour treatment with 100 µM
DOPA, identified using MALDI-TOF PMF MS. Probable matches are recorded here. Theoretical molecular
weight (Mr) and isoelectric point (pI) values were determined from the ‘Compute pI/Mw’ tool on the
UniProtKB/Swiss-Prot protein entry page, and experimental Mr and pI values were determined from position of
spots on the 2D-PAGE gels. Where search results suggest a probable match to a protein fragment, the theoretical
Mr and pI of the protein fragment containing all matched peptides are recorded under that of the total protein.
Sequence coverage is recorded as the number of matching peptides and the percentage of total protein sequence
covered by these matching peptides, calculated by expressing the number of amino acids present in at least one
matched peptide as a percentage of the total number of amino acids in the protein. Score values indicate the
normalised score of the protein and threshold values indicate the statistic threshold for the normalised score, both
generated by the Aldente PMF tool. Proteins with a score greater than the threshold are considered significant
matches, and these are indicated in bold. Search restrictions are recorded in parentheses following the
corresponding score/threshold values.
SSP no.

Swiss-Prot
Accession
Number

Protein
Description

Theoretical
Mr/pI

Experimental
Mr/pI

Sequence
Coverage
(No. Peptides /
% coverage)

Score/
Threshold

Non-differentiated THP-1 cells
5804D

P17987

T-complex protein
1 subunit alpha

60/5.8

62/6.3

7/19

9.89/8.25

8301

P62826

GTP-binding
nuclear protein Ran

24/7.2

30/7.6

4/26

4.17/7.61 or
4.17/12.99 (36
kDa max.)

8301D

Q03135

Caveolin-1

20/5.6

30/7.6

6/35

8.41/8.81 or
8.41/8.73 (36 kDa
max.)

P62826

GTP-binding
nuclear protein Ran

24/7.2

30/7.6

5/24

8.16/8.81 or
8.16/8.73 (50 kDa
max.)

8302

P00918

Carbonic anhydrase
2

29/6.8

31/7.6

5/26

5.58/3.84

8302D

P00918

Carbonic anhydrase
2

29/6.8

31/7.6

6/31

8.91/7.20

8701

P06733

Alpha-enolase

47/7.0

50/6.8

9/27

17.91/24.96 or
17.91/16.81 (64
kDa max.)

8701D

P06733

Alpha-enolase

47/7.0

50/6.8

13/37

44.11/32.80
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SSP no.

Swiss-Prot
Accession
Number

Protein
Description

Theoretical
Mr/pI

Experimental
Mr/pI

Sequence
Coverage
(No. Peptides /
% coverage)

Score/
Threshold

Non-differentiated THP-1 cells, continued
8703

Q01518

Adenylyl cyclaseassociated protein 1

52/8.3

52/7.8

5/15

1.85/5.52 or
1.85/3.06 (64 kDa
max.)

8703D

Q01518

Adenylyl cyclaseassociated protein 1

52/8.3

56/7.8

8/22

6.44/19.38 or
6.44/13.08 (64
kDa max.)

8805

P04040

Catalase

60/7.0

56/7.6

11/25

31.71/58.01 or
31.71/48.20 (98
kDa max.)

8805D

P04040

Catalase

60/7.0

58/7.5

16/32

77.38/99.26 or
77.38/115.75 (98
kDa max.)

9501

P04406

Glyceraldehyde-3phosphate
dehydrogenase

36/8.6

38/7.9

7/25

8.51/53.64 or
8.51/38.36 (50
kDa max.)

9501D

P06493

Cell division
control protein 2
homolog

34/8.4

38/7.9

14/41

43.92/76.98
43.92/56.55 (50
kDa max.)

P04406

Glyceraldehyde-3phosphate
dehydrogenase

36/8.6

38/7.9

8/30

18.24/76.98 or
18.24/56.55 (50
kDa max.)s

Differentiated THP-1 cells
5602

P14618

Pyruvate kinase
isozymes M1/M2

58 /8.0
44-436
(43/6.1)

39/6.2

13/38

43.91/36.45

5604

P146182

Pyruvate kinase
isozymes, isoform
M1

58/7.6

39/6.3

11/28

24.33/19.04

P14618

Pyruvate kinase
isozymes M1/M2

58/8.0

39/6.3

10/26

20.09/19.04

6604

P11021

78 kDa glucose
regulated protein

70/5.0
50-367
(35/6.0)

33/6.7

8/18

12.48/30.09

6604D

P11021

78 kDa glucose
regulated protein

70/5.0
61-464
(45/6.0)

33/6.7

11/23

23.17/37.20

7201D

Q150072

Wilms’ tumor 1associating protein

18/5.4

12/6.8

5/44

7.49/6.80

Note: SSP numbers followed by “D” indicate spots excised from gels made with DOPA treated cultures.
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Table 7.4: Identification of peptides by MS/MS from proteins differentially expressed in THP-1 cells
following exposure to 100 µM DOPA. All peptides found to be significant matches, based on a significance
threshold of p < 0.05 as calculated by the MASCOT MS/MS Ions Search tool, are recorded here.
SSP
Peak mass (m/z)
Peptides identified by MS/MS
Position in
Protein name (Swissno.
Exp/Theoretical
protein
Prot accession
number)
Non-differentiated THP-1 cells
5804D

1932.00/1923.09

LGVQVVITDPEKLDQIR

248-264

T-complex protein 1
subunit alpha (P17987)

8301D

1784.84/1784.91

SNYNFEKPFLWLAR

153-166

GTP-binding nuclear
protein RAN (P62862)

8302

1668.98/1668.97

AVQQPDGLAVLGIFLK

133-148

Carbonic anhydrase 2
(P00918)

8302D

1581.8l/1581.82

YAAELHLVHWNTK

114-126

1668.90/1668.97

AVQQPDGLAVLGIFLK

133-148

Carbonic anhydrase 2
(P00918)

1690.9l/1690.95

AVQQPDGLAVLGIFLK sodium
adduct

133-148

8701

1804.81/1804.94

AAVPSGASTGIYEALELR

33-50

Alpha-enolase
(P06733)

8701D

1425.48/1425.73

YISPDQLADLYK

16-28

1804.65/1804.94

AAVPSGASTGIYEALELR

33-50

Alpha-enolase
(P06733)

1927.87/1930.09

LGLVFDDVVGIVEIINSK

378-395

2351.10/2351.23

AGAAPYVQAFDSLLAGPVAEY
LK

38-60

1481.74/1481.74

AFYVNVLNEEQR

445-456

1708.88/1708.89

NAIHTFVQSGSHLAAR

507-522

1119.53/1119.56

LFAYPDTHR

355-363

1481.67/1481.74

AFYVNVLNEEQR

445-456

1763.77/1763.80

LISWYDNEFGYSNR

310-323

1766.75/1763.80

LISWYDNEFGYSNR

310-323

1763.65/1763.80

LISWYDNEFGYSNR

310-323

1767.63/1763.80

LISWYDNEFGYSNR

310-323

1837.78/1837.91

RFDEILEASDGIM(ox)VAR

279-294

1875.80/1875.89

FGVEQDVDM(ox)VFASFIR

231-246

1962.78/1966.16

AEGSGVANAVLDGADCIM(ox)
LSG (PONPY peptide, change G-D
for human equivalent)

343-363

1815.17/1816.00

IINEPTAAAIAYGLDKR

198-214

1889.83/1887.97

VTHAVVTVPAYFNDAQR

165-181

8703D

8805
8805D
9501

9501D

Adenylyl cyclaseassociated protein 1
(Q01518)
Catalase (P04040)
Catalase (P04040)
Glyceraldehyde-3phosphate
dehydrogenase
(P04406)
Glyceraldehyde-3phosphate
dehydrogenase
(P04406)

Differentiated THP-1 cells
5602

6604

Pyruvate kinase
isozymes M1/M2
(P14618)

78 kDa glucose
regulated protein
(P11021)

78 kDa glucose
regulated protein
1887.78/1887.97
VTHAVVTVPAYFNDAQR
165-181
(P11021)
Note: SSP numbers followed by “D” indicate spots excised from gels made with DOPA treated cultures.
6604D

1815.82/1816.00

IINEPTAAAIAYGLDKR
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7.3.3. Differential Protein Expression in Response to DOPA Under Conditions
that Enhance the Generation of PB-DOPA

To determine if the differential protein expression seen in the presence of free DOPA may be
due to incorporation of DOPA into protein, experiments were repeated using tyrosine-free
conditions to enhance the rate of PB-DOPA generation. Cell number and viability were used
to assess the rate of growth and survival in the different conditions. A slight decrease in cell
number was seen for non-differentiated THP-1 cells grown under tyrosine-free conditions,
however no significant differences between cell number or viability were seen for either
non-differentiated or differentiated THP-1 cells, indicating that the removal of tyrosine did
not significantly affect these cultures (data not shown).

Non-differentiated and differentiated THP-1 cellular protein 2D-PAGE profiles (Figure 7.7
and 7.8, respectively) were created and SYPRO stained images used for analysis purposes. As
was to be expected, the protein profiles of cultures grown under tyrosine-free conditions were
significantly different to those generated from cultures grown in the presence of tyrosine. To
ensure the results reflect changes due to the presence of DOPA, the DOPA exposed,
tyrosine-free protein profile was compared to tyrosine-free control profiles generated from
cultures grown in the absence of both tyrosine and DOPA.

PDQuest image analysis was performed on cropped images, (Figure 7.9 and 7.10
respectively), from which a number of differentially expressed protein spots were detected in
both the non-differentiated and differentiated THP-1 protein profiles. A summary of the spot
intensities is given in Table 7.5 and 7.6. Interestingly, few of these spots corresponded to
those identified in the initial analysis, suggesting that the enhanced level of PB-DOPA may
have a significantly different effect on protein expression compared to that of lower
PB-DOPA levels. However, the differences seen between the two sets of analyses may be due
to changes to the protein population as a result of tyrosine depletion, making it difficult to
determine the exact role of PB-DOPA.
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Figure 7.7: Two-dimensional gel electrophoresis protein profiles of control and DOPA treated THP-1 cells
grown under conditions of enhanced PB-DOPA generation. THP-1 cells were grown in tyrosine-free culture
medium under control conditions (A) or in the presence of 100 µM DOPA (B) for 24 hours. Cellular proteins
were separated by 2D-PAGE, using 7 cm IPG strips, pH 3-10 and 4-12% ZOOM Tris-glycine gels. 170 µg
protein separated per strip, gels stained with SYPRO Ruby.
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Figure 7.8: Two-dimensional gel electrophoresis protein profiles of control and DOPA treated
differentiated THP-1 cells grown under conditions of enhanced PB-DOPA generation. THP-1 cells were
differentiated using 50 ng/mL PMA for three days and then grown in tyrosine-free culture medium under control
conditions (A), or in the presence of 100 µM DOPA (B) for 24 hours. Cellular proteins were separated by
2D-PAGE, using 7 cm IPG strips, pH 3-10 and 4-12% ZOOM Tris-glycine gels. 170 µg protein separated per
strip, gels stained with SYPRO Ruby.

148

Chapter 7: Differential Protein Expression

A
6801

1802

7703

8701

1701

6203

B
1802

6801
7703

1701

8701

8703

6203

Figure 7.9: Cropped THP-1 cellular protein profiles, from cultures grown under conditions of enhanced
PB-DOPA generation, used for PDQuest analysis. 2D-PAGE images from Control (A) and 100 µM DOPA
treated (B) THP-1 cells grown in tyrosine-free conditions were cropped and analysed using PDQuest software.
Differentially expressed protein spots are indicated with arrows, labelled with the specific SSP identification
number.

Table 7.5. Summary of differentially expressed proteins in THP-1 cells exposed to 100 µM DOPA under
conditions of enhanced PB-DOPA generation. Statistical analysis was carried out using spot intensities
obtained from SYPRO Ruby images. p values obtained from Student’s t-test are shown in parentheses.
Spot no.
1701
1802
6203
6801
7703
8701
8703

Fold change
0.24 (p = 0.0008)
0.48 (p = 0.0188)
2.28 (p = 0.0399)
2.13 (p = 0.1363)
0.47 (p = 0.1261)
0.41 (p = 0.0207)
79.25 (p = 0.0870)
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A

5901

3702
3604

B

5901
3703

3702
3604

Figure 7.10: Cropped differentiated THP-1 protein profiles, from cultures grown under conditions of
enhanced PB-DOPA generation, used for PDQuest analysis. 2D-PAGE images from Control (A) and 100 µM
DOPA treated (B) differentiated THP-1 cells grown in tyrosine-free conditions were cropped and analysed using
PDQuest software. Differentially expressed proteins are indicated with arrows, labelled with the specific SSP
identification number.

Table 7.6. Summary of differentially expressed proteins in differentiated THP-1 cells exposed to 100 µM
DOPA under conditions of enhanced PB-DOPA generation. Statistical analysis was carried out using spot
intensities obtained from SYPRO Ruby images. p values obtained from Student’s t-test are shown in parentheses.
Spot no.
3604
3702
3703
5901

Fold change
2.66 (p = 0.0683)
3.95 (p = 0.1571)
331.71 (p = 0.1601)
3.30 (p = 0.0814)
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In the non-differentiated, tyrosine-free THP-1 protein profiles, one spot, SSP 8703, was found
to be expressed only in the DOPA exposed cultures, two spots, SSP 6203 and 6801, were
found to be up-regulated, and four spots, SSP 1701, 1802, 7703 and 8701, were found to be
down-regulated in DOPA exposed cultures. Of these spots, the intensities of five, SSP 1701,
1802, 6203, 8701 and 8703, were significantly different between the two conditions. The
seven identified spots, shown in detail in Figure 7.11, were excised from the gel for protein
identification.

8703

8701

7703

Control

100 µM
DOPA

6801

SSP Number
6203
1802

1701

Control

100 µM
DOPA

Figure 7.11: Differential protein spots identified in control and DOPA treated THP-1 cells grown under
conditions of enhanced PB-DOPA generation. PDQuest analysis of THP-1 protein 2D-PAGE images
identified seven differentially expressed protein spots when cells were grown in tyrosine-free conditions, with or
without the presence of 100 µM DOPA. Of these spots, SSP 8703 was expressed only in DOPA exposed cultures,
SSP 6302 and 6801 were up-regulated in DOPA exposed cultures and SSP 1701, 1802, 7703 and 8701 were
down-regulated in DOPA exposed conditions. The intensities of spots SSP 1701, 1802, 6302, 8701 and 8703
were statistically different between the two conditions, with Student’s t-test p < 0.1.

In the differentiated, tyrosine-free THP-1 protein profiles, one spot, SSP 3703, was expressed
only in the DOPA exposed cultures and three spots, SSP 3604, 3702 and 5901, were found to
be up-regulated in DOPA exposed conditions. Of these spots, the intensity of SSP 3604 and
5901 were significantly different between the two conditions. The four identified spots,
shown in detail in Figure 7.12, were excised from the gel for protein identification.
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100 µM
DOPA

5901

SSP Number
3702
3703

3604

Control

Figure 7.12: Differential protein spots identified in control and DOPA treated differentiated THP-1 cells
grown under conditions of enhanced PB-DOPA generation. PDQuest analysis of differentiated THP-1
protein 2D-PAGE images identified four differentially expressed protein spots when cells were grown in
tyrosine-free conditions, with or without the presence of 100 µM DOPA. Of these spots, SSP 3703 was
expressed only in DOPA exposed cultures and spots SSP 3604, 3702 and 5901 were up-regulated in DOPA
exposed cultures. The intensities of two spots, SSP 3604 and 5901, were statistically different between the two
conditions, with Student’s t-test p < 0.1.

7.3.4. Identification of Differentially Expressed Proteins Induced by an Enhanced
Level of PB-DOPA Using MALDI-TOF PMF and MS/MS

The eleven protein spots identified as being differentially expressed when an enhanced level
of PB-DOPA was present were excised from the 2D-PAGE gels and analysed using
MALDI-TOF PMF and MS/MS. All differentially expressed spots were excised for analysis
from 2D-PAGE profiles generated from both the control and DOPA exposed cultures. The
only exceptions were SSP 8703 and 3703, both of which were only expressed in the presence
of DOPA and therefore were not taken from the control gels.

Of the proteins analysed by MALDI-TOF PMF, nine were successfully identified with high
confidence matches (Table 7.7). Again, the possible matches for the unidentified proteins
were very high molecular weight proteins, so searches were restricted to lower molecular
weights, based on the gel position of the corresponding spot. Using this method, six additional
proteins were identified with high confidence. For the other three proteins, the most probable
matches are recorded in Table 7.7.
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Table 7.7: Differentially expressed THP-1 cellular proteins following 24 hour treatment with 100 µM
DOPA under conditions of enhanced PB-DOPA generation, identified using MALDI-TOF PMF MS.
Probable matches are recorded here. Theoretical molecular weight (Mr) and isoelectric point (pI) values were
determined from the ‘Compute pI/Mw’ tool on the UniProtKB/Swiss-Prot protein entry page, and experimental
Mr and pI values were determined from position of spots on the 2D-PAGE gels. Where search results suggest a
probable match to a protein fragment, the theoretical Mr and pI of the protein fragment containing all matched
peptides are recorded under that of the total protein. Sequence coverage is recorded as the number of matching
peptides and the percentage of total protein sequence covered by these matching peptides, calculated by
expressing the number of amino acids present in at least one matched peptide as a percentage of the total number
of amino acids in the protein. Score values indicate the normalised score of the protein and threshold values
indicate the statistic threshold for the normalised score, both generated by the Aldente PMF tool. Proteins with a
score greater than the threshold are considered significant matches, and these are indicated in bold. Search
restrictions are recorded in parentheses following the corresponding score/threshold values.
SSP no.

Swiss-Prot
Accession
Number

Protein
Description

Theoretical
Mr/pI

Experimental
Mr/pI

Sequence
Coverage
(No. Peptides /
% coverage)

Score/
Threshold

Non-differentiated THP-1 cells, tyrosine-free conditions
1701

Not identified

1701D

Not identified

1802

P07237

Protein disulfideisomerase

55/4.7

57/5.2

14/30

49.96/29.04

1802D

P07237

Protein disulfideisomerase

55/4.7

59/5.2

8/16

10.75/66.73 or
10.75/30.49 (64
kDa)

6203

P15531

Nucleoside
diphosphate kinase
A

17/5.8

20/6.3

6/42

14.78/25.59 or
14.78/14.35 (25
kDa max.)

6203D

P15531

Nucleoside
diphosphate kinase
A

17/5.8

20/6.3

6/42

14.78/46.28 or
14.78/16.39 (25
kDa max.)

6801

P30101

Protein disulfideisomerase A3

54/5.6

58/6.3

17/32

80.71/21.64

6801D

P30101

Protein disulfideisomerase A3

54/5.6

58/6.3

20/43

139.15/40.79

7703

P06733

Alpha-enolase

47/7.0

50/6.6

12/33

32.72/33.97 or
32.72/22.32 (50
kDa max.)

P07437

Tubulin beta chain
(or tubulin beta-5
chain)

50/4.8

50/6.6

11/23

26.76/33.97 or
26.76/22.32 (50
kDa max.)

P68371

Tubulin beta-2C
chain

50/4.8

50/6.6

11/22

26.76/33.97 or
26.70/22.32 (50
kDa max.)

P06733

Alpha-enolase

47/7.0

55/6.6

13/30

35.38/58.00 or
35.38/25.55 (50
kDa max.)

P04350

Tubulin beta-4
chain

50/4.8

55/6.6

12/20

25.98/58.00 or
25.98/25.55 (50
kDa max.)

P07437

Tubulin beta chain
(or tubulin beta-5
chain)

50/4.8

55/6.6

12/21

25.81/58.00 or
25.81/25.55 (50
kDa max.)

7703D
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SSP no.

Swiss-Prot
Accession
Number

Protein
Description

Theoretical
Mr/pI

Experimental
Mr/pI

Sequence
Coverage
(No. Peptides /
% coverage)

Score/
Threshold

Non-differentiated THP-1 cells, tyrosine-free conditions, continued
7703D
cont.

P68371

Tubulin beta-2C
chain

50/4.8

55/6.6

12/21

25.75/58.00 or
25.75/25.55 (50
kDa max.)

8701

P06733

Alpha-enolase

47/7.0

50/6.8

13/31

35.90/72.16 or
35.90/37.82 (64
kDa max.)

8701D

P06733

Alpha-enolase

47/7.0

50/6.8

12/30

31.27/36.36 or
31.27/29.23 (64
kDa max.)

8703D

Not identified

Differentiated THP-1 cells, tyrosine-free conditions
3604

P08670

Vimentin

54/5.1

35/5.0

18/42

114.57/22.89

3604D

P08670

Vimentin

54/5.1

35/5.0

21/43

182.75/34.09

3702

P08670

Vimentin

54/5.1

40/5.0

20/46

139.66/28.86

3702D

P08670

Vimentin

54/5.1

40/5.0

20/46

135.13/51.10

3703D

P08670

Vimentin

54/5.1

43/5.0

17/38

89.69/42.13

5901

P10890

60 kDa heat shock
protein

58/5.2

59/5.7

8/20

11.90/27.57 or
11.90/14.34 (98
kDa max.)

5901D

P10890

60 kDa heat shock
protein

58/5.2

59/5.7

15/30

52.69/48.73

Note: SSP numbers followed by “D” indicate spots excised from gels made with DOPA treated cultures.

Of the MS/MS spectra, 35 were positively identified (Table 7.8), providing identification for
15 of the excised protein spots. These results confirmed all of the high confidence PMF
matches and also confirmed one of the putative PMF matches. Where analysis was carried out
on spots obtained from control and DOPA gels, the identified proteins corresponded in all
cases, again indicating that the PDQuest analysis was comparing the same protein from the
different protein profiles. One protein, corresponding to SSP 7703/7703D, was identified as
being either alpha-enolase or tubulin beta-chain using both MALDI-TOF PMF and MS/MS,
suggesting this protein spot contained a mixture of the two. Three proteins, from spots SSP
3604, 3702 and 3703 were all identified as the same protein and two other proteins, from
spots SSP 1701 and 8703, were unable to be identified.
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Table 7.8: Identification of peptides by MS/MS from proteins differentially expressed in THP-1 cells following
exposure to 100 µM DOPA under conditions of enhanced PB-DOPA generation. All peptides found to be
significant matches, based on a significance threshold of p < 0.05 as calculated by the MASCOT MS/MS Ions Search
tool, are recorded here.
SSP
no.

Peak mass (m/z)
Exp/Theoretical

Peptides identified by MS/MS

Position in
protein

Protein name (SwissProt accession number)

Protein disulfideisomerase (P07237)

Non-Differentiated THP-1 cells, tyrosine-free conditions
1802

6203
6203D

6801
6801D

7703
7703D

8701
8701D

1451.68/1451.70

YKPESEELTAER

327-338

1780.79/1780.83

VDATEESDLAQQYGVR

82-97

1833.86/1833.91

ILFIFIDSDHTDNQR

286-300

1149.57/1149.64

DRPFFAGLVK

57-66

1344.67/1344.76

TFIAIKPDGVQR

7-18

1149.54/1149.64

DRPFFAGLVK

57-66

1344.64/1344.76

TFIAIKPDGVQR

7-18

1801.77/1801.91

VM(ox)LGETNPADSKPGTIR

89-105

1370.59/1370.70

ELSDFISYLQR

472-482

1515.64/1515.75

FLQDYFDGNLKR

352-363

1370.56/1370.70

ELSDFISYLQR

472-482

1515.61/1515.75

FLQDYFDGNLKR

352-363

1639.60/1639.74

SDVLELTDDNFESR

25-38

1425.64/1425.73

YISPDQLADLYK

16-28

1804.83/1804.94

AAVPSGASTGIYEALELR

33-50

1804.83/1804.94

AAVPSGASTGIYEALELR

33-50

Alpha-enolase(P06733)

1130.48/1130.60

FPGQLNADLR

242-251

1245.47/1245.59

ISEQFTAM(ox)FR

381-390

Tubulin beta-4 chain
(P04350)

1556.72/1556.78

VVIGM(ox)DVAASEFFR

240-253

1804.88/1804.94

AAVPSGASTGIYEALELR

33-50

1556.82/1556.78

VVIGM(ox)DVAASEFFR

240-253

1804.98/1804.94

AAVPSGASTGIYEALELR

33-50

Nucleoside diphosphate
kinase A (P15531)
Nucleoside diphosphate
kinase A (P15531)

Protein disulfideisomerase A3 (P30101)
Protein disulfideisomerase A3 (P30101)

Alpha-enolase (P06733)

Alpha-enolase (P06733)
Alpha-enolase (P06733)

Differentiated THP-1 cells, tyrosine-free conditions
3604
3604D
3702
3702D

3703D
5901D

1527.67/1527.83

HLREYQDLLNVK

379-390

1776.68/1776.86

FADLSEAANRNNDALR

295-310

1311.59/1311.66

M(ox)ALDIEIATYR

391-401

1704.76/1704.82

VEVERDNLAEDIM(ox)R

171-184

1527.71/1527.83

HLREYQDLLNVK

379-390

1776.72/1776.86

FADLSEAANRNNDALR

295-310

1527.72/1527.83

HLREYQDLLNVK

379-390

1776.76/1776.86

FADLSEAANRNNDALR

295-310

1779.73/1776.86

FADLSEAANRNNDALR

295-310

1527.65/1527.83

HLREYQDLLNVK

379-390

1776.69/1776.86

FADLSEAANRNNDALR

295-310

1389.57/1389.70

GYISPYFINTSK

222-233

1918.89/1919.07

ISSIQSIVPALEIANAHR

251-268

Vimentin (P08670)
Vimentin (P08670)
Vimentin (P08670)
Vimentin (P08670)

Vimentin (P08670)
60 kDa heat shock
protein (P10809)

Note: SSP numbers followed by “D” indicate spots excised from gels made with DOPA treated cultures.
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From the MS data, nine of the eleven differentially expressed proteins were identified. The
presence of free and PB-DOPA, such that an enhanced level of PB-DOPA is generated,
up-regulated the expression of nucleoside diphosphate kinase A and protein disulfideisomerase A3 in non-differentiated THP-1 cells, down-regulated the expression of protein
disulfide isomerase, alpha-enolase and tubulin beta-chain in non-differentiated THP-1 cells,
and up-regulated the expression of vimentin and 60 kDa heat shock protein in differentiated
THP-1 cells.

7.4. DISCUSSION

During times of increased oxidative stress, signalling pathways are triggered, often resulting
in alterations in gene or protein expression. Such changes allow the cell to enhance
antioxidant capacity, thus enabling it to overcome the increased stress. These pathways are
triggered by a number of oxidants and products of oxidation, and it was the purpose of this
chapter to determine if PB-DOPA could function as a signalling molecule in this way. In this
chapter, a combination of free and PB-DOPA was found to regulate the expression of a
number of proteins in both non-differentiated and differentiated THP-1 cells.

In some previous chapters, the effects of free DOPA alone were investigated by the addition
of cycloheximide, an inhibitor of protein synthesis, however this approach was not suitable
for these experiments. In the presence of cycloheximide, protein synthesis cannot occur and
therefore the regulation of protein levels, a process that requires both protein synthesis and
degradation, could also not occur properly. Therefore, the effects of free DOPA alone on
protein expression were not able to be investigated in this way. To examine effects of
PB-DOPA as distinct from free DOPA, the regulation of protein expression under conditions
that maximised the generation of PB-DOPA was used to identify the effects of an enhanced
level of PB-DOPA generation. This was achieved by removing the parent amino acid tyrosine
from the culture medium, thereby diminishing the competition between DOPA and tyrosine
for incorporation, allowing more PB-DOPA to be generated. Enhancing the generation of
PB-DOPA was also found to regulate protein expression, however the proteins regulated were
different to those seen when a lower level of PB-DOPA was present. These results indicate
that PB-DOPA may have a significant effect on protein expression and that this effect may
differ from that of free DOPA.
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7.4.1. Regulation of Protein Expression by Free DOPA and a Low Level of
PB-DOPA

Free and PB-DOPA, under conditions in which only a low level of PB-DOPA would be
generated, regulated the expression of a number of proteins. In non-differentiated THP-1 cells,
free and PB-DOPA significantly up-regulated the expression of t-complex protein 1 subunit
alpha (TCP-1 alpha), GTP-binding nuclear protein Ran (GTPase Ran), carbonic anhydrase 2
(CA-2) and adenylyl cyclase-associated protein 1 (CAP 1). Other proteins were also
up-regulated, including alpha-enolase (α-enolase), catalase and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), however the increase in expression was not statistically significant.

In differentiated THP-1 cells, the combination of free and PB-DOPA significantly
up-regulated the expression of 78 kDa glucose regulated protein (GRP 78) and significantly
down-regulated the expression of pyruvate kinase isozymes M1/M2 and Wilms tumor
1-associating protein (WTAP). Two protein spots were both identified to be pyruvate kinase
isozymes M1/M2, although as two isoforms with slightly different pI values are known to
exist, this was not unexpected. The theoretical molecular weight (Mr) and isoelectric point (pI)
of pyruvate kinase isozymes M1/M2 did not correspond to that of the spots identified to be
this protein, however the theoretical Mr and pI of a fragment containing all the matched
peptides, from residue 44-463 (see Table 7.3), more closely resembled the observed Mr and pI.
This suggests that these spots may correspond to fragments of pyruvate kinase isozymes
M1/M2, rather than the whole protein. The same was seen for the spot identified as GRP 78,
with the experimental Mr and pI more closely resembling the theoretical Mr and pI of a
fragment containing all the matched peptides, from residue 50-464 (see Table 7.3), than the
theoretical Mr and pI of the whole protein. Therefore, this suggests that this spot may also
correspond to a fragment, rather than the whole protein.

7.4.2. Regulation of Protein Expression by Free DOPA and an Enhanced
Generation of PB-DOPA

Protein expression was also regulated in the presence of free and PB-DOPA when an
enhanced level of PB-DOPA was generated, although the changes detected were different
from those seen when a lower level of PB-DOPA was present. The differences seen could be
due to the increased presence of PB-DOPA, however they may also be due to changes
induced by a depletion of tyrosine. Several studies have shown that amino acid limitation,
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such as can occur with a dietary imbalance, results in changes to protein expression (Jousse et
al., 2000; Meadows et al., 2001). The results presented in this chapter indicate that the overall
pattern of protein expression was significantly altered in tyrosine-free culture medium, as seen
by the differences between the protein profiles generated from control cells grown under
normal conditions (Figure 7.1A) and those generated from control cells grown in tyrosine-free
culture medium (Figure 7.7A). It was not, however, the purpose of this study to investigate
the changes induced by tyrosine depletion. Rather, the changes induced by an increased level
of PB-DOPA, in combination with free DOPA, were investigated by comparing cells grown
in tyrosine-free culture medium to cells grown in tyrosine-free culture medium with the
addition of DOPA. Although in each case the changes due to a loss of tyrosine would most
likely be the same, care must still be taken when analysing this data particularly as some
changes may be due to an effect of PB-DOPA which only applies when tyrosine is in limited
supply.

In non-differentiated THP-1 cells, the presence of free DOPA and enhanced levels of
PB-DOPA significantly up-regulated the expression of nucleoside diphosphate kinase A
(NDK A) and significantly down-regulated the expression of protein disulfide-isomerase (PDI)
and α-enolase. The expression of protein disulfide-isomerase A3 (PDI A3) was also
up-regulated following DOPA treatment, however this change was not statistically significant.
An additional protein whose expression was down-regulated, but not statistically significantly,
was identified as being either α-enolase or tubulin beta chain (β-tubulin). The exact identity
was not able to be determined using the PMF or MS/MS data, although it remains a
possibility that this spot was made up of both proteins. Two other protein spots, one that was
only expressed in the DOPA treated cells and one that was up-regulated by DOPA, were
unable to be identified.

In differentiated THP-1 cells, a combination of free DOPA and an enhanced level of
PB-DOPA, significantly up-regulated the expression of vimentin and 60 kDa heat shock
protein (Hsp60). Three protein spots were identified as vimentin, with two being up-regulated
by DOPA and one being only expressed in the DOPA treated cells, however the change in
expression was only found to be significant for one spot. Interestingly, treatment of
macrophages with strongly oxidised low density lipoprotein (oxLDL), known to contain
DOPA-modified apoprotein B-100 and peptide-DOPA (Bruce et al., 1999), has been shown to
result in vimentin fragmentation in detached cells, a process that appeared to be exclusively
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associated with apoptosis (Muller et al., 2001). Fragments of 46, 29 and 26 KDa were found
in this particular study, however other studies using different cell lines and stressors have
found fragments of varying sizes (Hashimoto et al., 1998; Prasad et al., 1998). Here the
experimental masses of spots identified as vimentin ranged from 35-43 kDa, suggesting that
under the conditions used in this study, proteolytic cleavage of vimentin has occurred, thus
resulting in three distinct spots identified as vimentin. Further studies would be required to
determine if this cleavage occurred due to the presence of PB-DOPA or as a result of other
processes, such as apoptosis, that are known to induce vimentin fragmentation.

Vimentin gene expression is known to be down-regulated by tyrosine limitation (Meadows et
al., 2001), however, in tyrosine-free medium, free and PB-DOPA were able to up-regulate
vimentin expression. One possible explanation for this is that the presence of DOPA, being of
a similar structure to tyrosine, may be able to reverse this effect, thus returning expression
levels to normal. This idea is confirmed by an examination of the area in which vimentin
would be expected to appear on the gels generated from cells grown in the presence of
tyrosine. Protein profiles from cells grown in normal culture medium, either with or without
added DOPA (Figure 7.13A and B), were very similar to that seen for cells grown in
tyrosine-free culture medium in the presence of DOPA (Figure 7.13D). This suggests that the
presence of free and PB-DOPA was able to restore the obvious decrease in vimentin
expression seen in the protein profile produced from cells grown in tyrosine-free culture
medium without the addition of DOPA (Figure 7.13C), back to control levels. It therefore
seems likely that the regulation of vimentin expression by PB-DOPA may be the result of an
effect that only applies when tyrosine is depleted.

A

B

C

D
3703

3702
3604

3702
3604

Figure 7.13: Effect of tyrosine depletion on vimentin expression. Sections of 2D-PAGE protein profiles
generated from differentiated THP-1 cells grown in (A) normal culture medium, (B) normal culture medium
with 100 µM DOPA, (C) tyrosine-free culture medium and (D) tyrosine-free culture medium with 100 µM
DOPA. Spots identified as vimentin are labelled in (C) and (D) with specific SSP numbers, corresponding spots
on (A) and (B) thought to be vimentin, but not identified as such, are indicated with arrows.
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Regulation of gene expression by amino acids, such as tyrosine, involves a number of
mechanisms and signalling pathways (reviewed in Fafournoux et al., 2000), and certain genes
are known to contain amino acid response elements in their promoter regions (Bruhat et al.,
2000). Since DOPA has such a similar structure to that of tyrosine, it is possible that DOPA is
also capable of activating these signalling pathways or response elements, thereby regulating
gene expression, however more research would be needed to confirm what role DOPA, or
PB-DOPA, can play in this regulation.

The expression of α-enolase has also been shown to be down-regulated by tyrosine limitation
(Meadows et al., 2001), however the results presented in this chapter suggest that this may not
be the case. In non-differentiated THP-1 protein profiles, α-enolase was identified in both
normal and tyrosine-free conditions, being slightly up-regulated by the presence of low levels
of PB-DOPA but significantly down-regulated by the presence of enhanced levels of
PB-DOPA. Comparison between the intensity of α-enolase protein spots from cells grown in
normal culture medium and tyrosine-free culture medium, both without DOPA, suggest that if
anything, expression is increased in tyrosine depleted conditions (Figure 7.14A and C). It is
therefore difficult to determine if the differences seen in α-enolase expressional regulation are
due to the different levels of PB-DOPA present, or to an effect that is associated with tyrosine
depletion.

A

B

C

D

Figure 7.14: Effect of tyrosine depletion on α-enolase expression. Sections of 2D-PAGE protein profiles
generated from non-differentiated THP-1 cells grown in (A) normal culture medium, (B) normal culture medium
with 100 µM DOPA, (C) tyrosine-free culture medium and (D) tyrosine-free culture medium with 100 µM
DOPA. Spots identified as α-enolase are indicated with arrows.

Other than the regulation of α-enolase mentioned above, no proteins were found to be
regulated by both low levels of PB-DOPA and enhanced levels of PB-DOPA. In both
non-differentiated and differentiated THP-1 cells, the effects of each condition were quite
distinct, with no clear pattern emerging. These results suggest that the effects of PB-DOPA
may be dependent on its concentration and are not necessarily the same as induced by free
DOPA. Furthermore, the effects were different between the non-differentiated and
differentiated cells, with no proteins being regulated in both cultures, suggesting that the
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effects of PB-DOPA may also differ between different cell types. A summary of the results is
presented in Table 7.9.
Table 7.9: Summary of the differentially expressed proteins induced by PB-DOPA. Proteins written in
italics correspond to protein spots whose intensity was altered by PB-DOPA but the change was not considered
statistically significant.

Upregulation

Downregulation

Non-differentiated THP-1 cells
Low levels of
High levels of
PB-DOPA
PB-DOPA
TCP-1 alpha
NDK A
GTPase Ran
PDI A3
CA-2
CAP-1
α-Enolase
Catalase
GAPDH
-

PDI
α-Enolase
β-Tubulin

Differentiated THP-1 cells
Low levels of
High levels of
PB-DOPA
PB-DOPA
GRP 78
Hsp60
Vimentin

Pyruvate kinase
WTAP

-

7.4.3. Physiological implications of Free and PB-DOPA Induced Regulation of
Protein Expression

Of the differentially expressed proteins, three groups with particular relevance to the current
hypothesis that PB-DOPA acts as a signal to enhance antioxidant defences, including
enzymatic antioxidants, chaperones and proteins involved in cell cycle progression, each of
which will be discussed below. Whilst the other changes are also interesting, their relevance
to the current thesis is limited, and will therefore only be briefly mentioned at the end of this
discussion.

7.4.3.1. Enzymatic Antioxidants
In non-differentiated THP-1 cells, low levels of PB-DOPA up-regulated the expression of
catalase, a common antioxidant involved in the decomposition of hydrogen peroxide to water
and oxygen, although this regulation was not considered to be statistically significant. Higher
levels of PB-DOPA did not affect the expression of catalase, or any other antioxidants, nor
were any antioxidants affected by either low or high levels of PB-DOPA in non-differentiated
cells. These results suggests that either free DOPA, or low levels of PB-DOPA, are capable of
slightly enhancing catalase expression, but expression returns to control levels in the presence
of higher concentrations of PB-DOPA. This correlates with the results presented in section
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5.3.1., where 100 µM DOPA increased catalase activity in non-differentiated THP-1 cells, but
the level of activity was reduced back to that of the control when cells were exposed to higher
concentrations of DOPA.

7.4.3.2. Chaperones
As an early product of protein oxidation, PB-DOPA would be well placed to act as a signal
for the enhancement of antioxidant defences that specifically target oxidatively modified
proteins. Chaperones, and other related proteins, are involved in the unfolding, refolding or
stabilisation of partially unfolded proteins, such as can occur as a result of oxidation. These
proteins help to prevent the aggregation and accumulation of oxidised proteins by providing
stability, aiding their refolding or, if unable to be refolded, targeting them for degradation. In
this study, the presence of free and PB-DOPA regulated the expression of a number of
chaperones and related proteins, including Hsp60, GRP 78, TCP-1 alpha, PDI A3 and PDI.

The expression of Hsp60, a molecular chaperone, was up-regulated in differentiated THP-1
cells by high levels of PB-DOPA. The expression of a second molecular chaperone, GRP 78,
a member of the heat shock protein 70 family, was up-regulated in differentiated THP-1 cells
following exposure to low levels of PB-DOPA. Thirdly, the expression of TCP-1 alpha, a
component of the molecular chaperone TCP-1 complex which is particularly involved in the
folding of tubulin and actin (Sternlicht et al., 1993), was up-regulated in non-differentiated
THP-1 cells following exposure to low levels of PB-DOPA. These results indicate that
PB-DOPA is involved in regulating the chaperone system, however the response differed
depending on the cell status and the level of PB-DOPA present.

Apart from molecular chaperones, high levels of PB-DOPA also up-regulated the expression
of PDI A3 in non-differentiated THP-1 cells, although this was not statistically significant.
PDI A3 catalyses the formation, breakage and rearrangement of protein disulfide bonds and in
addition can interact with and fold non-native proteins, thus inhibiting protein aggregation
(reviewed in Ellgaard and Ruddock, 2005). In contrast, the expression of PDI, a protein
belonging to the same family, was significantly down-regulated under the same conditions,
suggesting that the role of PB-DOPA in the regulation of these proteins is relatively complex.
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Little is known about the specific functions of this family of proteins, however it is thought
that differences within the binding pockets, used for high affinity binding of substrates or
substrate-interacting co-factors, may result in differences in function (Ellgaard and Ruddock,
2005). Although these proteins are mainly restricted to the endoplasmic reticulum, the
presence of PDI proteins in other areas of the cell, for example associated with the cell surface,
suggests alternative functions for these proteins (reviewed in Jordan and Gibbins, 2006). As
such, the regulation of these proteins may not be directly related to their chaperone activity,
but other processes may also be affected and these may differ between PDIA3 and PDI.
Therefore differences in the regulation of the expression of these proteins by PB-DOPA may
be due to their unique functions, however a greater understanding of these proteins would be
needed in order to determine what effect this regulation may have on cell function.

7.4.3.3. Proteins Involved in Cell Cycle Progression
Another group of proteins that is related to the ability of cells to overcome oxidative stress is
the proteins that are involved in cell cycle progression. A number of studies have
demonstrated a link between oxidative stress and cell cycle progression. For example,
ROS-induced DNA damage can induce cell cycle arrest (Migliore and Coppede, 2002) and
oxidative stress can up-regulate the expression of cell-cycle related genes (Shirvan et al.,
1998). The presence of free and PB-DOPA regulated the expression of a number of proteins
involved in the progression of the cell cycle, including GTPase Ran, NDK A and WTAP.
The expression of GTPase Ran was up-regulated by low levels of PB-DOPA in
non-differentiated THP-1 cells. This protein primarily functions in nucleocytoplasmic
transport, but is also thought to be involved in mitotic spindle assembly through the regulation
of centrosomal integrity or cohesion and kinetochore-microtubule interactions (reviewed in
Joseph, 2006). In addition, the Ran pathway may be involved in regulating the spindle
checkpoint, maintaining cells in metaphase until all chromosomes are properly duplicated and
arranged (Arnaoutov and Dasso, 2003). Through the up-regulation of GTPase Ran expression,
PB-DOPA may enhance nucleocytoplasmic transport, a process that could enable movement
of proteins, such as transcription factors, into the nucleus and newly synthesised components
out of the nucleus. In addition, the regulation of GTPase Ran expression may enable
PB-DOPA to regulate cell cycle progression.
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In the presence of enhanced PB-DOPA formation, the expression of NDK A was up-regulated
in non-differentiated THP-1 cells. NDK A catalyses the synthesis of nucleoside triphosphates,
apart from ATP. Changes in the expression of NDK A and other related proteins can
significantly affect cell proliferation and differentiation, however the mechanisms are unclear
(reviewed in Lacombe et al., 2000), although there are suggestions that these proteins may be
involved in signal transduction through a number of processes (reviewed in Otero, 2000). In
addition, high expression of the gene encoding NDK A in MDA-MB435, a breast-derived
metastatic cell line, has been shown to induce growth arrest (Howlett et al., 1994).
Up-regulation of NDK A by PB-DOPA would therefore have a number of possible effects,
suggesting potential role for PB-DOPA in both control of the cell cycle progression and also
in signal transduction.
Low levels of PB-DOPA down-regulated the expression of WTAP in differentiated THP-1
cells. This protein interacts with Wilms tumor 1 (WT1), a tumor suppressor gene, although its
exact function remains unknown (Little et al., 2000). WT1 is essential for normal
development of the genitourinary system (Kreidberg et al., 1993), regulating both the
transcription of genes involved in cell proliferation (Lee et al., 1999) and post-transcriptional
processes such as pre-mRNA splicing (Davies et al., 1998). In addition to the suppression of
WT1, a reduction of WTAP in human umbilical vein endothelial cells has been shown to
cause a decrease in the expression of genes related to cell division and induced growth
inhibition resulting in an accumulation at the G2 stage of the cell cycle (Horiuchi et al., 2006).
A relationship between this accumulation and the loss of cyclin A2 mRNA stabilisation, a
situation known to induce G2 growth arrest (Pagano et al., 1992), led to the conclusion that
WTAP regulates cyclin A2 mRNA stability, through which it helps to maintain cell cycle
progression. By decreasing the expression of WTAP, PB-DOPA may induce growth arrest or
inhibit progression at the G2 phase of the cell cycle.
TCP-1 alpha may also fall into this group of proteins, as the inhibition of TCP-1 alpha in vivo
has been shown to partially impair mitosis in sea urchin embryos (Agueli et al., 2001),
suggesting a key role for the TCP-1 complex in cell cycle progression. The up-regulation of
TCP-1 alpha expression by low levels of PB-DOPA in non-differentiated THP-1 cells
provides further evidence of a role for PB-DOPA in the regulation of cell cycle progression.
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7.4.3.4. Other Differentially Expressed Proteins
Apart from the above proteins that are particularly relevant to the current hypothesis, four
other differentially expressed proteins were identified. In non-differentiated THP-1 cells, the
presence of low levels of PB-DOPA up-regulated the expression of CA-2, a cytosolic enzyme
involved in maintaining acid-base balance through the reversible hydration of carbon dioxide;
CAP-1, a protein involved in the regulation of actin turnover (Moriyama and Yahara, 2002);
and GAPDH, an enzyme involved in glycolysis. In differentiated THP-1 cells, low levels of
PB-DOPA down-regulated the expression of pyruvate kinase, another enzyme involved in
glycolysis. Whilst these proteins are not necessarily directly involved in antioxidant defences,
they are all involved in the regulation of homeostasis and other key processes that must be
maintained in order for cells to overcome enhanced oxidative stress.

7.5. CONCLUSION

From these results, it can be deduced that the presence of a combination of free and
PB-DOPA affects a number of cellular processes, including enzymatic antioxidant activity,
protein folding and cell cycle progression. Other cellular processes, such as energy production,
cytoskeletal formation and stabilisation, signal transduction and pH balance may also be
affected by the presence of PB-DOPA. The effects, however were different depending on the
status of the cell and the level of PB-DOPA present, suggesting that the influence of
PB-DOPA on a physiological system is quite complex. Future studies will be needed to
examine some of these changes in more detail in order to more fully understand the effects of
PB-DOPA on a physiological system.
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This thesis has investigated the hypothesis that under physiological conditions, PB-DOPA
functions as a redox signalling molecule, triggering an enhancement of cellular antioxidant
defences, with a specific effect on those defences targeted against protein oxidation. It was
hypothesised that this activity could occur through direct antioxidant activity, involvement in
redox signalling, or through the regulation of gene and protein expression. The results
presented in this thesis confirm that PB-DOPA, and its free amino acid form, are capable of
protecting cells from oxidative induced cell death and that this occurs through a combination
of direct radical scavenging, an enhancement of some aspects of antioxidant activity and
regulation of protein expression.

Apart from generation by oxidation of tyrosine residues, previous studies have demonstrated
that free DOPA can be incorporated into protein during protein synthesis, resulting in the
formation of PB-DOPA (Rodgers et al., 2002; Rodgers et al., 2004; Rodgers et al., 2006). The
incorporation of free DOPA into THP-1 cellular protein was examined to ensure that the
conditions used throughout this thesis allowed for the biosynthetic generation of PB-DOPA
(chapter 3). Incorporation was seen to occur via protein synthesis, both in the absence of
tyrosine and also to a lesser degree in the presence of equivalent concentrations of tyrosine.
These results confirmed that PB-DOPA was generated under these conditions, and indicated
that the administration of free DOPA in the following experiments would result in the
presence of a combination of free and PB-DOPA. Furthermore, the presence of
cycloheximide, an inhibitor of protein synthesis, prevented the formation of PB-DOPA,
allowing in some, but not all cases, for the examination of the effects of free DOPA alone.

PB-DOPA, an initial and commonly formed product of protein oxidation, is of particular
interest due to its relatively long half-life and its ability to undergo redox reactions (Simpson
et al., 1992; Simpson et al., 1993). Being a catechol and a well characterised reducing agent
(Gieseg et al., 1993), PB-DOPA, like its free amino acid form, is capable of acting as either a
pro- or anti-oxidant. As such, the precise activity of PB-DOPA within a physiological system
is not yet fully understood or predictable. A number of in vitro and in vivo studies have
examined the effects of free DOPA, demonstrating either toxic, non-toxic or beneficial effects,
and whilst some of these studies may allow for the generation of PB-DOPA through
incorporation, little research has investigated the specific physiological effects of PB-DOPA.
A major focus within these studies has been the effects of DOPA on brain derived cells, due
to their relevance to free DOPA treatment of Parkinson’s disease, however the presence of
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PB-DOPA in other areas of the physiological system, for example within atherosclerotic
plaques, suggested that more research was required for a full understanding of the
physiological functions of PB-DOPA. To this end, monocytic and macrophage-like cells,
implicated in the formation of atherosclerotic plaques in which PB-DOPA is known to be
present (Fu et al., 1998b), were chosen as a model for examining the effect of PB-DOPA on
systemic cells that may potentially come into contact with PB-DOPA.

This thesis has demonstrated that the administration of free and PB-DOPA, either in
combination or individually, was not toxic to monocytic or macrophage-like cell cultures
(chapter 3). Rather, it was demonstrated that the presence of free or PB-DOPA was able to
protect these cells from AAPH-induced oxidative stress (chapter 4). The protective effect,
however, differed slightly between cell lines, suggesting that the responses, and therefore the
level of protection, may be cell type or cell line specific, an observation that is supported by
the contrasting results published in the literature (see Table 1.1). Furthermore, the ability of
free DOPA to generate protection against oxidative stress in the presence of cycloheximide
suggests that at least some of the protective processes triggered by free DOPA do not require
the generation of new proteins. This observation supports a mechanism for PB-DOPA
signalling that involves direct antioxidant activity or direct regulation of existing cellular
antioxidant defences, for example activation of enzymes through redox reactions.

It was hypothesised that the functionally significant form of DOPA would be PB-DOPA
rather than free DOPA, however the results presented in this thesis demonstrate that both free
and PB-DOPA were able to induce protection against oxidative stress when administered
alone. In physiological systems, particularly during times of enhanced oxidative stress or
under certain pathological conditions, the level of PB-DOPA would likely exceed that of free
DOPA, whose rapid metabolism and limited generation maintain it at very low circulating
concentrations. So whilst free DOPA is capable of having a significant effect in vitro, it
remains doubtful that this would be the case in vivo. In contrast, the effects of PB-DOPA
observed here in vitro are also likely to be significant in vivo.

Due to the chemical nature of PB-DOPA, one possible mechanism by which it could be
providing protection against oxidative stress is through direct reaction with radicals. The
ability of free DOPA to directly scavenge radicals in vitro was demonstrated using
luminol-enhanced chemiluminescence (chapter 4), a result that confirmed previously reported
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results (Gulcin, 2007). The scavenging ability was then demonstrated to also occur under
conditions that more closely resembled a physiological environment using serum and culture
medium. Under these conditions, the scavenging potential of DOPA was expected to be
minimal due to the substantial concentration of other radical scavengers and metal chelators in
serum, however the results demonstrated a significant concentration dependent radical
scavenging activity. In addition, the ability of DOPA to scavenge radicals was found to be
greater than that of tyrosine, likely as a result of the additional hydroxyl group present on
DOPA, suggesting that the generation of PB-DOPA under oxidative conditions would benefit
cells and tissues due to the increased protection this would provide compared to PB-tyrosine.

The observed protection of cells against oxidative stress is therefore likely to be, at least to
some degree, due to the radical scavenging activity of free and PB-DOPA. However, since
DOPA did not protect all cultures in the same way, other more complex processes are likely
to also be involved. Thus, it would appear that whilst free and PB-DOPA are capable of
directly scavenging radicals, they may also have the ability to change the way cells respond to
oxidative stress, and this may involve processes that differ between cell lines.

To investigate some of the processes that may be involved in DOPA-induced protection in
THP-1 cells, the activity or concentration of a number of components of the antioxidant
defence system were investigated, including those targeted specifically against protein
oxidation (chapter 5). The presence of free and PB-DOPA was found to regulate certain
components of the antioxidant system, causing an enhancement of the cell’s antioxidant
capacity. Specifically, free and PB-DOPA increased the activity of catalase and
NAD(P)H:quinone oxidoreductase (NQO), two key enzymatic antioxidants, however the
activity of superoxide dismutase and the concentration of oxidised and reduced glutathione
were not affected. NQO is of particular interest due to its involvement in the detoxification of
reactive quinones, such as those generated from free and PB-DOPA autoxidation (Ernster,
1967).

The key defence against protein oxidation is the stabilisation, degradation and removal of
damaged proteins. Neither proteolysis nor bulk cellular chaperone activity were affected by
the presence of free and PB-DOPA, however oxidatively-induced protein aggregation, a
consequence of protein oxidation, was inhibited by the presence of free and PB-DOPA. This
suggests that DOPA may indeed play a role in the regulation of defences targeted against
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protein oxidation, however the effects are likely to be more specific than could be detected by
the generalised assays used here.

Apart from direct radical scavenging or regulation of pre-existing antioxidant defences, it was
hypothesised that PB-DOPA could function as a signalling molecule through regulation of the
expression of genes and proteins involved in antioxidant defences. One mechanism by which
this can occur is through the activation of transcription factors. In addition, the expression of
some antioxidant genes is controlled by the electrophile response element (EpRE), an
enhancer DNA sequence known to be present in the promoter region of a number of genes
involved in antioxidant defences, including that of NQO1 (Favreau and Pickett, 1991).
Evidence in the literature suggests a role for DOPA in transcription factor regulation in brainderived cells or tissues (Kashihara et al., 1995; Svenningsson et al., 2002; St-Hilaire et al.,
2003). To examine the possible effect of PB-DOPA in areas outside of the brain, the activity
of three transcription factors, Nrf2, AP-1 and NFκB, chosen for their role in the control of
antioxidant genes or the EpRE, was investigated in THP-1 cells treated with DOPA
(chapter 6). Administration of DOPA had no effect on the nuclear translocation or DNA
binding capacity of any of the factors examined, suggesting that these specific factors are not
involved in PB-DOPA induced protection against oxidative stress.

Although no evidence of PB-DOPA regulation of transcription factor activity was found in
this project, this does not rule out the possibility that PB-DOPA signalling is mediated though
the activity of other transcription factors not tested here. Furthermore, the enhancement of
NQO activity (chapter 5), whose expression is known to be regulated by the EpRE (Favreau
and Pickett, 1991), did not correspond to an increase in nuclear translocation or DNA binding
of Nrf2 or AP-1, the two transcription factors thought to be involved in the activation of the
EpRE (Nguyen et al., 2003). Whilst the enhanced activity of NQO supports the hypothesis
that PB-DOPA may function by activating the EpRE, the results presented in chapter 6
suggest that this does not occur through the regulation of transcription factor activity. Rather,
PB-DOPA may have a more direct role in activating the EpRE or the related signalling
pathways, as has been seen by other catechols, or may be involved in the regulation of
repressors, such as small Maf proteins (Nguyen et al., 2003). This, therefore, remains a
possible mechanism by which PB-DOPA functions as a signalling molecule, although more
detailed studies will be needed in order to determine the precise mechanisms involved.
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It was known from the literature that the administration of free DOPA to a number of
experimental systems resulted in the regulation of gene and protein expression (see Table 1.4).
To further test the hypothesis that PB-DOPA functions as a signalling molecule inducing an
alteration of the expression of proteins involved in antioxidant defences, the effect of DOPA
administration on protein expression was investigated. The results presented in this thesis
demonstrate that the expression of a number of proteins was regulated by a combination of
free and PB-DOPA in both differentiated and non-differentiated THP-1 cells (chapter 7).
Regulation was dependent on the level of PB-DOPA present, with different proteins being
affected by the presence of low levels of PB-DOPA, generated in normal culture medium, or
by the presence of high levels of PB-DOPA, generated in tyrosine-free culture medium.

Of the differentially expressed proteins, three groups were found to be particularly relevant to
antioxidant defence. Firstly, the expression of the antioxidant, catalase, was up-regulated
under conditions containing low levels of PB-DOPA, a result that confirmed the earlier
activity results (chapter 5). Secondly, the presence of free and PB-DOPA regulated the
expression of a number of chaperone proteins, including 60 kDa heat shock protein, 78 kDa
glucose regulated protein, t-complex protein 1 subunit alpha, protein disulfide-isomerase (PDI)
and PDI A3. Thirdly, the expression of proteins involved in cell cycle progression, including
GTP-binding nuclear protein Ran, nucleoside diphosphate kinase A and Wilms tumor 1associating protein (WTAP), were regulated by the presence of free and PB-DOPA. In the
latter two groups, different proteins were regulated depending on the level of PB-DOPA
present, suggesting that the expressional regulation by PB-DOPA may be dependent on its
concentration and is not necessarily the same as that induced by free DOPA. In addition, the
effects differed between the non-differentiated and differentiated cells, providing further
evidence to support a cell specific response to PB-DOPA.

The expression of other proteins involved in the maintenance of homeostasis was also
regulated by the presence of free and PB-DOPA, including carbonic anhydrase 2, adenylyl
cyclase-associated protein 1, glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase.
These proteins were not specifically relevant to the current hypothesis, however they are all
involved in the maintenance of homeostasis and other key processes that must be maintained
in order for cells to overcome enhanced oxidative stress.
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One possible limitation of these experiments was the use of tyrosine-free medium. Whilst this
was a successful way of investigating the effects induced by enhanced levels of PB-DOPA,
diminished tyrosine has been shown to alter protein expression and therefore may make the
results more difficult to interpret. In this thesis, reduced tyrosine was found to alter the pattern
of protein expression, however the use of a DOPA- and tyrosine-free control minimised the
issues of interpretation. The expression of two proteins, vimentin and α-enolase, known to be
altered by diminished tyrosine (Meadows et al., 2001), was found to be regulated by the
presence of DOPA under tyrosine-free conditions. However, this may not be physiologically
relevant, as it cannot be determined from the results presented in this thesis whether these
proteins would be regulated by PB-DOPA under more physiological conditions when tyrosine
is not depleted. Despite this, the results presented in this thesis confirm that PB-DOPA is
capable of regulating the expression of proteins involved in antioxidant defences, and that the
level of PB-DOPA may be a key factor in determining the specific defences targeted. Further
research will be able to expand on the results presented here by focusing on the three main
groups of proteins identified as being regulated by PB-DOPA. In addition, the differences
between the effects of free compared to PB-DOPA should be examined in more detail,
possibly through the use of the stereoisomer D-DOPA, incapable of being incorporated into
protein, or through the administration of prepared peptide-DOPA.

Despite the lack of evidence for a role in transcription factor regulation, the differential
protein expression observed as a result of the presence of free and PB-DOPA supports the
hypothesis that PB-DOPA can function as a signalling molecule and that this can result in an
alteration of gene or protein expression. The expression results suggest other possible
mechanisms for PB-DOPA signalling that could be tested in the future. For example, the
administration of DOPA under tyrosine-free conditions was able to restore the diminished
expression of vimentin, suggesting that DOPA, either free or protein-bound, may be capable
of regulating gene expression through the amino acid response element, known to be involved
in expressional changes due to tyrosine and other amino acids (Bruhat et al., 2000). In
addition, catalase expression is known to be regulated by Wilm’s tumor suppressor 1 (WT1)
(Kwei et al., 2004), an expressional repressor known to associate with WTAP (Little et al.,
2000). The expression of both catalase and WTAP were regulated by the presence of free and
PB-DOPA, suggesting that WT1 may be an important mechanism by which PB-DOPA
functions as a signalling molecule.
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The up-regulation of chaperone expression supports the hypothesis that PB-DOPA may have
a specific effect on antioxidant defences targeted against protein oxidation. Although bulk
cellular chaperone activity was not affected by the presence of free and PB-DOPA (chapter 5),
the up-regulation of specific chaperones indicates that PB-DOPA can regulate these
antioxidant defences and through this enable cells to stabilise unfolded or misfolded proteins,
aiding their repair or degradation. The up-regulation of these chaperones was unlikely to be
detected using the generalised chaperone activity assay as only a small number were affected.
However this does indicate that the response to free and PB-DOPA is quite specific. These
results are supported by the inhibition of oxidation-induced protein aggregation following
pre-treatment of THP-1 cells with DOPA (chapter 5). No evidence of proteolytic protein
regulation by PB-DOPA was found in this thesis, suggesting that PB-DOPA triggers defences
targeted at stabilising oxidised proteins, rather than those that are involved specifically in their
degradation.

In conclusion, the results presented in this thesis support the hypothesis that PB-DOPA can
function as a signalling molecule, resulting in an enhancement of cellular antioxidant defences.
Free and PB-DOPA were both found to induce protection against oxidative stress in
monocytic and macrophage-like cells and this protection was found to be the result of direct
radical scavenging, an increase in the activity of several components of the antioxidant
defence system and a regulation of the expression of a number of proteins involved in the
antioxidant defence system. The activity of transcription factors known to be involved in the
regulation of antioxidant defences or in the activation of the EpRE, specifically Nrf2, AP-1
and NFκB, was not affected by the presence of PB-DOPA, suggesting that the observed
protection was not mediated by these factors. Furthermore, as a product of protein oxidation,
PB-DOPA was found to specifically regulate a number of chaperones, proteins involved in
antioxidant defences targeted against protein oxidation, and was able to inhibit the formation
of oxidatively-induced protein aggregation.

This thesis has provided evidence that PB-DOPA is capable of regulating antioxidant
defences, and is specifically involved in the enhancement of defences targeted against protein
oxidation. As such, PB-DOPA may provide a potential therapeutic for diseases known to
involve oxidative stress, enabling cells or tissues to overcome enhanced radical flux and
minimise the spread of oxidative stress and oxidative damage under these conditions. This
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thesis is, however, limited to in vitro conditions, and as such, future research is required to
investigate whether these regulatory processes also occur in vivo.
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